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Abstract
The energetic problem is an issue that concerns the entire world. For
instance, heating and cooling in buildings accounts for around the 80%
of total ϐinal energy use in buildings, ofwhich the 75% is still generated
from fossil fuels and only 19% from renewable energy. In this context,
Heat Pump systems (HP) are one of themost promising technologies to
reduce fossil energy consumption for heating and cooling in buildings.
Additionally, newer and more efϐicient heat pump technology would
improve the energy sustainability of the building in which it is used.
In order to develop newHPs, there are two important aspects. The im-
provement of the components and the improvement of the joint sys-
tem. The components would improve by optimizing geometrical para-
meters and materials, among others. Regarding the joint system, the
main goal is to improve the control loop of the system. Nowadays, the
best way to address these aspects is by the dynamic modeling of the
components and systems that could simulate accurately their beha-
vior. During this thesis a model for reversible liquid-to-liquid HP has
been developed.
Firstly, a review is presented on the state-of-the-art of residential HPs
and the advances on their modeling. A general energy background is
presented. In it, the main global energy problems, heating and cool-
ing handicaps in buildings and the latest energy policies are presented.
Then, a brief description of HP operation principles, types of HPs and
their role in the energy transition is depicted. Additionally, different
tests with HPs conducted by the community are described. Finally, the
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advances in mathematical modeling of vapor compression cycles are
reviewed explaining the different approaches to model them, the ad-
vantages and disadvantages of those approaches and the already ex-
isting models.
Then, the physics-based dynamicmodel to simulate the behavior of re-
versible liquid-to-liquid HPs is presented. The model of each compon-
ent of theHP is developed separately and then they are joined together.
The model is implemented in Matlab/Simulink environment.
A refrigerant-to-liquidplateheat exchanger (PHEX)modelwasdeveloped
using the Finite Control Volumemethod. The behavior of PHEXs either
if they are working as condensers or as evaporators can be simulated.
Moreover, they allow the user to choose the conϐiguration of the PHEX
between parallel-ϐlow and counter-ϐlow. The equations and their im-
plementation have been presented.
After that, themodel is validated inmicro-scale situations, understand-
ing that the micro-scale is the time scale at which fast transient-states
are produced. Examples include operation condition changes, working
mode switches or system start-ups.
Different tests underdifferent transient situationsweredeveloped. Meas-
urements have been used to validate the model under heating, cooling
and start-up situations. Simulation results present good agreement
with test data.
Once the model was validated under different micro-scale transient
situations, working mode switch was simulated. The reversible beha-
vior of the systemwas simulatedby starting in coolingmode, switching
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to heating mode and going back to cooling mode. Since experimental
data ofworkingmode switcheswas not available, it was not possible to
compare the simulation results with test data. However, the obtained
results could have a good alignment to the actual behavior of the sys-
tem during a working mode switch.
Finally, themodel was used to simulate the behavior of other HP under
macro-scale situations, understanding that themacro-scale is the time
scale at which the dynamics of the system are studied during long time
periods. With it, the utility of the model to obtain the performance
of the system is studied. With respect to micro-scale simulations, the
discretization of themodel into ϐinite volumes was reduced to the half.
The HP used (different from that used in micro-scale tests), test rig
and tests procedure is explained. Then, the model is validated under
the cooling working mode. A good agreement is observed between
test data and simulation results in water temperatures but the com-
pressor power consumption is underestimated. After that, a system
energy performance study was conducted in order to clarify the diver-
gences between test data and simulation results. It was concluded that
by improving the compressor model more accurate results could be
obtained.
To summarize, the validity of the model can be asserted to simulate
liquid-to-liquid HPs with accurate results. It can be used to carry out
micro- and macro-scales simulations under different working modes
and conϐigurations of PHEXs. Additionally, working mode switch sim-
ulations can be carried out.
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Nomenclature
Symbols
A area [m2]
Bo Boiling number [−]
c speciϐic heat [kJ kg−1 K−1]
Cv valve coefϐicient [m2]
Dh hydraulic diameter [m]
G mass ϐlux [kg m−2 K]
h enthalpy [kJ kg−1]
h˙ enthalpy time derivative [kJ kg−1 s−1]
L plates width [m]
m mass [kg]
m˙ mass ϐlow rate [kg s−1]
N number of ϐinite volumes
Nu Nusselt number
pco corrugation pitch [m]
P pressure [kPa]
P˙ pressure time derivative [kPa s−1]
Pr Prandtl number
q˙ heat transfer rate [kW ]
Q˙ heat transferred [kW ]
Re Reynolds number
t time [s]
T temperature [K]
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V volume [m3]
W˙ power [kW ]
x plates length in the ϐlow direction [m]
Greek letters
α convection heat transfer coefϐicient [kW m−2 K−1]
β chevron angle [rad]
∆ difference/increase
η efϐiciency
∂ partial derivative
ρ density [kg m−3]
ρ˙ density time derivative [kg m−3 s−1 ]
Subscripts
adiab adiabatic
ave average property
c cross-sectional area
comp compressor
cv control volume
Eq equivalent
h at constant enthalpy
i control volume index
x
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in inlet
isen isentropic
losses losses
n last ϐinite volume
out outlet
p at constant pressure
r pressures ratio
R refrigerant
s heat transfer area or at constant entropy
S secondary ϐluid
test tests measurement
valve valve
vol volumetric
W wall/plate
Acronyms
ASHP Air Source Heat Pump
ASHPWH Air Source Heat PumpWater Heater
COP Coefϐicient of Performance
DHW Domestic Hot Water
EER Energy Efϐiciency Ratio
EEV Electronic Expansion Valve
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EU European Union
FCV Finite Control Volume
GSHP Ground Source Heat Pump
HEX Heat Exchanger
HVAC Heating Ventilation and Air Conditioning
HP Heat Pump system
HTC Heat Transfer Coefϐicient
MB Moving Boundary
MFR Mass Flow Rate
NE Normalized Error
PHEX Plate Heat Exchanger
RTF Real Time Factor
SAHP Solar Assisted Heat Pump
SPF Seasonal Performance Factor
TXV Thermostatic Expansion Valve
UNFCCC United Nations Framework Convention on Climate Change
USA United States of America
VCC Vapor Compression Cycle
4WV Four Way Valve
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Chapter 1
INTRODUCTION
During this ϔirst chapter an overview of the state of the
art will be presented. It will ϔirstly involve the current
global energy framework and a revision of global and
European agreements and policies regarding the main
objectives of energy consumption and emissions reduc-
tion. Then, a brief introduction to heat pump systems
and its role in the energy transition will be given. It will
be followed by a review of the experimental tests with
heat pump systems that have been carried out over the
world during the last years. Finally, the advances that
have taken place in vapor compression cycles modeling
for different approaches and components will be revised,
with a greater emphasis in physics-based models.
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1.1 Energy Background
1.1.1 Energy global framework
Energy plays a very important role in the development of the soci-
ety and countries. Energy consumption is needed to develop any kind
of economic activity. Therefore, global primary energy consumption
grows annually. In the last 25 years, primary energy consumption has
increased almost a 60% (Figure 1.1). This growth is more evident in
areas under development as shown in Figure 1.2. Moreover, it is es-
timated to continue growing in the next 20 years between 18 and 38%
under recent energy policies and barely decrease under ambitious en-
ergy policies (Figure 1.1).
Figure 1.1: Historic global primary energy consumption and future estimations under
different scenarios [1].
Themain energy consumption is given in industrial, transport and res-
idential sectors, which in 2017 monopolize the 79% of the total world
ϐinal energy consumption (Figure1.3). Nowadays, that energy ismainly
18 CHAPTER 1. INTRODUCTION
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Figure 1.2: Total energy consumption by regions [2].
produced from non-renewable sources as can be seen in Figure 1.4.
Figure 1.3: Global total ϔinal energy consumption by sector [3].
In this context, the exponential growth of energy consumption from
non-renewable sources has led to different serious problems:
CHAPTER 1. INTRODUCTION 19
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Figure 1.4: Global total ϔinal energy consumption by source [3].
• Environmental problems
Theenvironmental problems suchas climatic changeare causedprimar-
ily by the overwhelming progress of the human species and its growth
of greenhouse gas emissions. Two main environmental problems are
produced by the increase of gas emissions to the atmosphere.
On the one hand, the greenhouse effect caused by an unnatural concen-
tration of greenhouse gases in the Earth’s atmosphere is powering the
global warming. The major gases that contribute to the greenhouse
effect are the water vapor and the carbon dioxide, which are mainly
produced by fossil fuels burning activities.
On the other hand, the ozone layer depletion. The ozone concentration
prevents themost harmful UVBwavelengths from passing through the
atmosphere. Nevertheless, ozone-depleting substances such as halo-
carbon refrigerants, CFCs, HCFCs and solvents, are causing a decrease
in the ozone atmospheric concentration.
20 CHAPTER 1. INTRODUCTION
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• Fossil fuels scarcity
Fossil fuels are themost consumedprimaryenergynowadays. Moreover,
the increase of energy demand worldwide [4] have increased fossil
fuels consumption, evenwith the increaseof renewable energy sources
[5]. For instance, in Figure 1.5 can be seen the global primary energy
demand growth by fuel in each leading world regions from 2017 to
2018.
Figure 1.5: Global primary energy demand growth by fuel and leading world regions
from 2017 to 2018 [5].
Nevertheless, the reservoirs of fossil fuels are not inexhaustible. It is
calculated that the depletion time for oil, coal and gas is of approxim-
ately 35, 107 and 37 years respectively from 2006 [6].
Moreover, production countries are different from consumption coun-
tries, generating geopolitical tensions between nations. In Figures 1.6
and 1.7 can be seen the difference between oil production and con-
sumption countries, respectively.
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Figure 1.6: Oil production areas [7].
Figure 1.7: Oil consumption areas [7].
• Enhancement of the social inequality between countries
There is a proved relationship between the energy consumption of a
society and its economic growth [8–10]. For instance, in Figure 1.8
can be seen how themost developed countries havemuchmore energy
consumption. Therefore, an energyunequal consumptionbetweencoun-
tries leads in an unequal economic growth.
The reduction of this problems goes through an energetic transition
towards a less energy consumption and a higher use of renewable en-
22 CHAPTER 1. INTRODUCTION
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ergy sources.
Figure 1.8: Energy consumption VS Gross Domestic Product for different countries [11].
1.1.2 Heating and cooling in buildings
As seen in Figure 1.3, residential sector accountsmore than 20%of the
total global energy consumption. In Europe, that percentage increase
up to 27% [12].
The sources of residential energy consumption varies for different loc-
ations. For instance, in Figure 1.9 is shown the comparison of energy
sources in residential sector in 2017 between United States of Amer-
ica (USA) and European Union (EU). However, it can be asserted that
the use of non-renewable sources is predominant.
The ϐinal energy consumption by end-use in the residential sector is
divided as shown in Figure 1.10. Space heating accounts for around 50
- 65%of the dwellings energy consumption. Taking into account all the
CHAPTER 1. INTRODUCTION 23
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Figure 1.9: Comparison of energy sources in residential sector in 2017 between USA and
EU [12, 13] .
heating and cooling systems it grows up to 70 - 79%. Cooling currently
accounts for around 5% of energy consumption but it is growing rap-
idly due to, among others, the increase in the global temperature [14].
Figure 1.10: Final energy consumption by end-use in the residential sector [15].
Moreover, for the caseof EU, Figure1.11 shows themainenergy sources
for each typeof end-use. InEU, for spaceheating andDomesticHotWa-
ter (DHW) production, around 23% and 10% respectively is produced
24 CHAPTER 1. INTRODUCTION
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from renewable energy sources [12]. Globally, space heating produc-
tion from renewable sources decreases to around 10% [16]. It entails
a considerable environmental impact due to the related CO2, NOx and
CFCs emissions [17].
Figure 1.11: Main energy sources for each type of end-use in the residential sector [12].
Almost half of the EU’s buildings have individual boilers installed be-
fore 1992, with efϐiciency of 60% or less [18]. Decisions on replacing
old appliances are typically made under pressure, when the heating
system breaks down. Moreover, desirable information is not easily
available for most consumers. This leads them to continue using older,
conventional and less efϐicient technologies [19].
For the speciϐic case of Spain, half of dwellings have conventional indi-
vidual boiler for space and hot water production and hardly 23% are
equippedwith clean technologies, such as heat pumps systems (Figure
1.12a). Regarding cooling systems, the use of electric technologies in-
creases up to 78%. However, the implementation rate of cooling sys-
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tems in Spain is around 49% [20]. They are mainly used in hot and
Mediterranean climatic zones (Figure 1.12b).
(a) (b)
Figure 1.12: Heating (a) and cooling (b) systems used in residential bilding in Spain [20]
Bearing all this in mind, cooling and heating present a great oppor-
tunities to reduce greenhouse gas emissions from the residential sec-
tor and move towards a more sustainable future. Clean heating and
cooling means providing heat and cool without emitting CO2, noxious
gases or particulates. It can be provided by different clean systems
from which one of the most promising technology are the heat pumps
[21].
26 CHAPTER 1. INTRODUCTION
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1.1.3 Global and European energy policies
With the objective of reducing the global emissions some policies and
agreements have been signed during last years. Some are agreements
that have been reached between different countries around the world
while others are policies implemented in speciϐic regions.
Since it is not possible to enumerate and describe all of them, the most
representative global agreements and European Directives that were
signed during the last years will be presented chronologically.
Montreal Protocol on Substances that Deplete the Ozone Layer
This is the ϐirst international treaty signed to battle the environmental
issues and the ϐirst universally ratiϐied treaty in UnitedNations history.
It was signed in 1987 as a result of the Vienna Convention for the Pro-
tection of theOzone Layer by 197 parties (196 states and the European
Union). It is focused in the reduction of halogenated hydrocarbons that
deplete stratospheric ozone [22].
United Nations Framework Convention on Climate
Change (UNFCCC)
It was signed in Rio de Janeiro in 1992 by 43 countries, which were
considered as thedeveloped countries and the economies in transition.
Its main goal was to stabilize greenhouse gases concentrations in the
atmosphere at a level that would prevent dangerous anthropogenic in-
terference with the climate system [23].
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European Directive 93/76/CEE
This is the ϐirst European Directive regarding the energy efϐiciency in
buildings. The purpose of this Directivewas to limit the carbon dioxide
emissions by improving energy efϐiciency implementing programmes
in the following ϐields [24]:
− Energy certiϐication of buildings.
− The billing of heating, air-conditioning and hot water costs on
the basis of actual consumption.
− Third-party ϐinancing for energy efϐiciency investments in the
public sector.
− Thermal insulation of new buildings.
− Regular inspection of boilers.
− Energy audits of undertakings with high energy consumption.
This Directive encouraged EU members to work on the improvement
of the energy efϐiciency in buildings but did not impose any obligation
to any of them.
In 2006 this Directive was replaced by the Directive 2006/32/EC.
Kyoto Protocol
TheKyotoProtocolwas adopted in Japan in1997 toextends theUNFCCC
treaty of 1992 [25]. It entered into force in 2005 and its ϐirst commit-
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ment period started in 2008 and ended in 2012. The objective of this
protocolwas to reduce the emissions of the sixmain greenhouse gases.
European Directive 2002/91/CE
The objective of this Directive was to promote the improvement of the
energy performance of buildings, taking into account outdoor climatic
and local conditions, as well as indoor climate requirements and cost-
effectiveness [26].
This directive introduce the energy certiϐication of buildings, the ap-
plication ofminimum requirements on the energy performance of new
and major renovation buildings, a general methodology for the calcu-
lation of the buildings energy performance and a regular inspection of
boilers and air-conditioning systems.
This directive also introduced for the ϐirst time the deϐinition of a “heat
pump” as a device or installation that extracts heat at low temperature
from air, water or earth and supplies it to the building.
In 2010 this Directive was replaced by the Directive 2010/31/UE.
European Directive 2006/32/CE
Thisdirectiveonenergyend-use efϐiciency andenergy services replaced
the Directive 93/76/CEE. It main purpose was to enhance the cost-
effective improvement of energy end-use efϐiciency by providing the
necessary tools to remove existing barriers that impede the efϐiciency
and by creating the conditions for the development and promotion of
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a market for energy services. It also imposed to State members the
submission of Energy Efϐiciency Action Plans [27].
In 2012 this Directive was replaced by the Directive 2012/27/UE.
European Directive 2009/28/EC
This Directive on the promotion of the use of energy from renewable
sourceswas signed on 23April 2009 and established a common frame-
work for the promotion of energy from renewable sources [28]. It set
mandatory national overall targets andmeasures for the use of energy
from renewable sources.
On this purpose, it was set that aerothermal, geothermal and hydro-
thermal heat energy captured by heat pumps shall be taken into ac-
count for the calculation of the sum of gross ϐinal consumption of en-
ergy from renewable sources for heating and cooling if the ϐinal energy
output signiϐicantly exceeds theprimary energy input required todrive
the heat pumps.
The amount of energy capturedbyheat pumps to be considered energy
from renewable sources for the purposes of this Directive Eres shall be
calculated in accordance with the following formula:
Eres = Qusable(1− 1/SPF ) (1.1)
whereQusable is the estimated total usableheat deliveredbyheatpumps
and Seasonal Performance Factor (SPF) is the estimated average sea-
sonal performance factor of the heat pumps. Only heat pumps with a
30 CHAPTER 1. INTRODUCTION
University of the Basque Country
minimum SPF can be considered as renewable energy systems.
SPF is the term that determine the performance of a real installation,
contrary to the Coefϐicient of Performance (COP) that evaluates the
performance under controlled laboratory environment [29].
European Directive 2010/31/UE
With the aim of reduce the energy consumption of the EU by 20%, re-
duce the greenhouse gas emissions by 20% and implements themeas-
ures established in the Commission Communication entitled “Action
plan for energy efϐiciency: realizing the potential” [30], in 2010 was
signed the Directive 2010/31/UE on the energy performance of build-
ings. This directive ratiϐied the requirements established in the Dir-
ective 2002/91/CE and introduce the concept of nearly zero-energy
buildings and the independent control systems for energy perform-
ance certiϐicates [31].
This directive redeϐined the heat pumpdeϐinition given in theDirective
2002/91/CE and introduced the concept of reversible heat pumps.
European Directive 2012/27/UE
The Directive 2012/27/EU on energy efϐiciency established a common
framework of measures for the promotion of energy efϐiciency within
the Union in order to ensure the achievement of the Union’s 2020 20%
headline target on energy efϐiciency and to pave the way for further
energy efϐiciency improvements beyond that date [32].
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Paris agreement
The Paris Agreement is the latest agreement signed by the UNFCCC. It
was signed in 2015 and for the ϐirst time brings all nations into a com-
mon cause to undertake ambitious efforts to combat climate change
and adapt to its effects, with enhanced support to assist developing
countries to do so [33].
TheParisAgreement central aimwas to strengthen the global response
to the threat of climate change by keeping a global temperature rise
below 2 degrees Celsius with respect to pre-industrial (1990) levels.
Additionally, the agreement aims to strengthen the ability of countries
to deal with the impacts of climate change.
The Paris Agreement entered into force on 4 November 2016.
1.2 Heat pump systems
Heat Pump system (HP) are mechanical systems driven by electric en-
ergy with the objective of transfer heat from a heat source to a heat
sink. The greatmajority ofHPsworkon theprinciple of theVaporCom-
pression Cycle (VCC) (Figure 1.13), consisting of an outdoor Heat Ex-
changer (HEX) (as evaporator), a compressor, an indoor HEX (as con-
denser) and an expansion valve. A volatile liquid, known as the refri-
gerant ϐluid, is used to transport the heat in the closed HP cycle [34].
In the condenser and evaporator HEXs, heat is transferred between
the refrigerant ϐluid and other ϐluid used in the heat source and sink,
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Figure 1.13: Vapor compression cycle scheme.
known as secondary ϐluid. Depending on the HP, the sink can be wa-
ter or air. Similarly, the heat sources depend on the HP, being the
most common ones the ambient air, the subsoil, groundwater reser-
voirs or surface water reservoirs. The combination of these heat sinks
and sources deϐines the HP classiϐication.
1.2.1 Heat pumps classiϐication
Depending on the heat source and sink combinations, HPs can be clas-
siϐied as air-to-air HP, air-to-water HP, water-to-water HP and water-
to-airHP. This classiϐicationdeϐines theHEXutilized for the heat trans-
fer between the secondary ϐluid and the refrigerant ϐluid.
• Air-to-air HP: Uses outdoor air as the heat source and indoor
air as the heat sink.
• Air-to-water HP: Uses outdoor air as the heat source and trans-
fers heat to indoor water.
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• Water-to-water HP: Also known as liquid-to-liquid HP, takes
heat from outdoor water and transfers heat to indoor water.
• Water-to-airHP: Alsoknownas liquid-to-airHP, takesheat from
outdoor water and transfers heat to indoor air.
On the other hand, depending on the heat source, they can be differen-
tiated between Air Source Heat Pump (ASHP) and Ground Source Heat
Pump (GSHP).
• Air SourceHeatPump: It takes heat fromoutdoor air and trans-
fer it to the refrigerant ϐluid. The most common ASHP are air-to-
air HP, so then, the refrigerant transfer the heat to indoor air.
Nevertheless, it also can be transferred to water (i.e. to radiators
water).
• Ground Source Heat Pump: Subsoil or outdoor water reser-
voirs are used as the heat source. When heat is taken form the
subsoil it is usually utilized a ground-coupled HEX in order to ex-
change heat between the subsoil and the used secondary ϐluid,
which then will transfer to the refrigerant ϐluid. In these cases,
in cold climates, the secondary ϐluid is usually a water mixture
with glycol to avoid the freezing of the water. In case of using
water reservoirs, it can be a closed loop, which uses a coupled
HEX, or an open loop, where the water of the reservoir exchange
directly the heat with the refrigerant ϐluid in the outdoor HEX.
Additionally, nowadays, an important numberofHPsaredesignedwith
the capability of reverse the working cycle of the system and use them
to cool down the indoor air or water instead of heating it. These sys-
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tems are commonly known as reversible HPs and are achieved by pla-
cing a Four Way Valve (4WV) between the HEXs and the compressor.
The operation cycle of a reversible HP depends on the working mode
of the system: heating or cooling modes. During the heating mode, the
system absorbs heat from the heat source, transfers it to the refriger-
ant ϐluid of the system’s closed circuit and, later, this heat is transferred
to the indoor air or water. Therefore, the indoor HEXworks as the con-
denser and the outdoor HEX as the evaporator. On the contrary, in the
cooling mode, the system cools the indoor air or water by extracting
heat from it by means of the refrigerant and transferring it outside. In
this case, the condenser is the outdoor HEX and the evaporator the in-
door HEX.
There are twomain situations inwhich reversibleHPs are used. Firstly,
when the HP is wanted to supply both heating and cooling demands.
For instance, during the summer time, when theHP isworking on cool-
ing mode in order to cover the refrigeration demand and a punctual
heating demand is given such as a DHW demand. At that moment, the
working mode is switched and the system goes from the cooling mode
to the heating mode.
Secondly, in ASHP, in cold climates it is common that the ambient air
moisture freezes around the refrigerant tubesof theoutdoorHEX form-
ing an ice layer. It drastically reduces the heat transmission between
the air and refrigerant decreasing the performance of the system [35,
36]. In this cases, the cycle is reversed in order to increase the temper-
ature of the refrigerant ϐluid that goes through the outdoor unit during
a given time and melt the ice. Then, the cycle is reversed again to con-
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tinue supplying space heating or DHW to the building. This cycles are
commonly known as defrosting cycles.
Apart from the presented HPs types, there exist other minority used
types of HPs. Some of them are variations of the previously described
ones, other are hybrid systems and others are systems that use a dif-
ferent working cycle instead of VCC.
• Air Source Heat Pump Water Heater (ASHPWH): These sys-
tems are similar to an ASHP,but the condenser instead of being a
HEX, is a coil immersed in a water tankwith the objective of heat
thewater of the tank. ASHPWH are utilizedmainly for DHWpro-
duction [37, 38].
• Solar Assisted Heat Pump (SAHP): These systems use the sun
radiation as the heat source to evaporate the refrigerant ϐluid be-
fore sending it to the compressor. There are different types of
SAHP such as direct-expansion SAHP [39], air-source SAHP [40]
or photovoltaic/thermal-solar SAHP [41].
• AbsorptionHP: Instead of using a VCC driven by electric/mech-
anical energy, these systems use the absorption cooling cycles
using an absorber and a generator [42, 43]. They are very useful
when both heating and cooling are required simultaneously. Al-
though there exist residential absorptionHPs [44], they aremore
usual in the industry.
• Air-grounddual sourceHP: These systems canuse either air or
ground as heat sources. The control of the system chose which
source use at each time depending on the operation and ambient
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conditions [45, 46]. This technology is under development and
it is not very used yet.
On the other hand, there are many refrigerant ϐluids that can be util-
ized in the closed loop of a HP. The ideal refrigerant would be nat-
ural, with lowglobalwarming potential, lowozone depletion potential,
good thermochemical properties and safe. Nowadays, the objective is
to remove from themarket themost environmentally harmful refriger-
ants and improve the technology to use safely natural hydrocarbons
such as propane [47].
1.2.2 Heat Pump role in the energy transition
Energy transition is ‘a pathway toward transformation of the global en-
ergy sector from fossil-based to zero-carbon by the second half of this
century’ [48]. It involves the decarbonisation of electric energy pro-
duction, industrial processes, transport and Heating Ventilation and
Air Conditioning (HVAC) sector, among others.
Regarding residential sector, district heating and demand electriϐica-
tion are twoof themostpromising solutions for the reductionof energy
consumption and emissions from heating and cooling [19]. However,
electricity must come from renewable sources in order to get clean
heating and cooling.
Nevertheless, energy efϐiciency progress is overshadowed by contin-
ued investments in carbon-intensive and less-efϐicient heating techno-
logies. Fossil fuels still supply most space and water heating needs in
buildings. Therefore, direct emissions from heating remains at 80% of
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the total direct emissions from buildings [49]. Clean systems such as
HP technologies propose notable potential to decrease emissions from
residential sector.
Energy performance of HPs have been proved to be better than con-
ventional systems for space heating, cooling and DHWproduction [50,
51]. Having theGSHP systems a better performance than theASHP sys-
tems due to two main reasons. The higher temperature of the ground
against the ambient air and thenoneedof carryingoutdefrosting cycles
that decrease system performance [52, 53]. Additionally, as presented
previously, it has been boosted the use of HPs recognizing them as part
of renewable energy technologies (European Directive 2009/28/EC
[28]). However, the drawback is that HPs are more expensive than
boilers [54].
In this context, Asaee et al. [55] developed a techno-economic research
to study the feasibility of converting Canadian building stock into al-
most zero consumption buildings. The study was developed using a
validated energy model to simulate the energy demands of buildings
in Canada. With the model 17,000 different houses were recreated in
which conventional heating and cooling systems were replaced by an
air-to-water HP, an auxiliary boiler and a thermal storage tank.
The results showed that the changes mentioned in the thermal facilit-
ies could be made in 6.3 million Canadian homes, which would lead to
a 36% of reduction in Canada’s ϐinal energy consumption from build-
ings. On the other hand, it was ensured the reduction of primary en-
ergy consumption in those provinces where renewable energies have
a signiϐicant weight in the generation of electric energy. Consequently,
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the consumption of fossil fuels as well as greenhouse gases emissions
would be signiϐicantly reduced. However, the authors noted the im-
possibility of carrying out the improvement of thermal installations
without governmental economic aid or incentive programs.
1.2.3 Manufacturers as a key factor
The reduction of investment costs, enhancement of systems energy
performance, use of more environmentally friendly refrigerant ϐluids
and reduction of the payback time would make the HP technologies
even more competitive in the residential heating and cooling market.
In this context, HPs manufacturers plays an important role. They have
the opportunity to develop new more efϐicient systems to achieve the
energetic sustainability.
According to various studies, HP sales in 2018 increased with respect
to 2017 in different European countries such as Finland [56], Ireland
[57] and Germany [58]. Moreover, annual HP sales in the world have
been more than doubled, from 1.8 million units in 2012 to over 4 mil-
lion in2017,with year-on-year growthof 30%[16]. This demonstrates
the progress of HP technologies, which are increasingly competitive,
commanded by manufacturers. Nevertheless, the sales of HPs should
increase signiϐicantly [49].
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1.3 Experimental tests with Heat Pumps
Experimental tests can be carried out both under laboratory condi-
tions and under real conditions. The usefulness of them depends on
the purpose of the test. When tests are developed in a laboratory, the
operation conditions of the system are controlled and the measure-
ments are usually more accurate. Therefore, the performance of the
system can be better calculated and the elements of the system more
accurately characterized. Tests under real conditions are developed
by monitoring a whole system in a real building with real usage along
days, weeks, months or even years. This tests are usually utilized to
analyze the seasonal performance and characterize the behavior of the
whole system.
On the other hand, while tests under real conditions are always dy-
namic tests that depends on the indoor and outdoor conditions, labor-
atory tests can be developed both under steady or dynamic conditions.
Tests under steady conditions are achieved by ϐixing the operation con-
ditions of the system and waiting until the steady-state for those con-
ditions are given. If the goal of the tests is to characterize the perform-
ance of the system for a given conditions or validate a static model,
steady tests are suitable.
Nevertheless, when a dynamic model wanted to be validated or the
performance of the system for variable conditions wanted to be stud-
ied, dynamic tests are needed. They can be carried out by varying the
operation conditions of the system during its operation or testing it
under the ambient variable conditions.
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1.3.1 Tests under laboratory conditions
Byrne et al. [59, 60] conducted experimental tests under laboratory
conditions for simultaneous heating and cooling with an ASHP. Firstly,
they characterized for different operation conditions the ASHP under
steady laboratory tests and then they analyzed the dynamic behavior
of the defrosting cycle.
Thermal dynamic analysis of a multi-functional ASHP system for heat-
ing, cooling and DHWproduction wasmade in comparison with a con-
ventional ASHP system (only heating and cooling) by Sun et al. [61]
Energy and exergy efϐiciencies were calculated. It was concluded that
for both heating and cooling mode, the multi-functional ASHP system
had better energy and exergy performance. Defrosting cycles of ASHP
were also experimentally analyzed with laboratory tests [62, 63].
Zheng et al. [53] developed a performance and exergetic experimental
study comparing a GSHP and an ASHP. The test was carried out in
North China under steady conditions, using seawater as the energy
source for the GSHP. Due to the decrease of the heat transfer perform-
ance caused by the frost formation, the results showed a better per-
formance of the GSHP.
Cakir et al. [64] developed a laboratory steady experimental test in
whichamultifunctionalHPwas tested. Itwas able to run in fourmodes,
namely air-to-air, air-to-water, water-to-water andwater-to-air. Water
tankswere used to simulatewater sources. Results showed that theHP
unit which has themaximumCOPwas thewater to air system followed
by the water to water system (Figure 1.14).
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(a) (b)
Figure 1.14: COP change for different HP functions versus increasing of the evaporator
ϔluid mass ϔlow rate (a) and temperature (b) [64].
Sebarchievici et al. [65] tested a reversible GSHP and compared differ-
ent working modes (space heating and space cooling, both with and
without DHW production). This test was developed under laboratory
dynamic conditions during one month. They concluded that the COP
for space heating and cooling is similar and that the DHW production
decreases the performance of the system (Figure 1.15).
Figure 1.15: Variation of COP in different operation modes of GSHP [65].
Pitarch et al. [66] tested in the laboratory a GSHP under different ϐixed
conditions in which a separated subcooler was added after the con-
denser for DHW production. In this case, propane (R290) was used as
refrigerant ϐluid. Obtained results showed a high degree of perform-
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ance improvement by adding the subcooler.
1.3.2 Tests under real conditions
Regarding tests under real conditions, Luo et al. [67] continuously
monitored a GSHP in south Germany during four years to analyze heat-
ing and cooling performance. In northwest China, a GSHP system of
a residential district was compared with a traditional air conditioner
proving the greater efϐiciency of the HP [68]. Also in China, in Shang-
hai, a water heat exchanger was coupled to a domestic ASHP in order
to produce DHW. This system was compared with conventional DHW
systems and the reduction of energy consumption was demonstrated
[69].
Sivasakthivel et al. [70] tested a GSHP for cooling and heating in an
Himalayan city. The results showed a better COP in the heating mode
than in the cooling mode (Figure 1.16). On the other hand, in order to
predict the long-termperformance of a GSHP system, it wasmonitored
during two years in East China by Yan et al. [71].
(a) (b)
Figure 1.16: COPof theHPand thewhole systemunder heating (a) and cooling (b)modes
[70].
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Someauthors havedeveloped experimental tests inwhichdifferent en-
ergy sources have been compared under real conditions. Urchueguı́a
et al. [72] carried out an experiment in EuropeanMediterranean coast
were a GSHP and aASHPwere compared in heating and coolingmodes.
For a whole climatic season, the results showed that the GSHP system
consume less primary energy (Figure 1.17).
Figure 1.17: Systemperformance evolution for bothHP systems and bothworkingmodes
during one year [72].
Romani et al. [73, 74] compared in a test cubicle the performance of
radiantwall coupled to aGSHPwith a conventional ASHP. The compar-
ison was carried out both for the heating and for the cooling modes. In
both of them was demonstrated the energy saving potential of the ra-
diant wall coupled to a GSHP.
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Another comparison was carried out by Schibuola et al. [52] in Venice.
Using the lagoon water a heat source, a GSHP system was compared
with an ASHP, a condensing boiler and an air-cooled chiller in both the
cooling and the heating modes. It was proved the major efϐiciency of
the GSHP.
Dikic et al. [75] carried out a comparison between SAHP, GSHP and
ASHP for space heating. Additionally, they studied also different com-
bined systems, such as ground source SAHP, air source SAHP and air-
ground dual source HP. All tests were carried out in a test room under
dynamic conditions in the east region of Turkey. The COP of the SAHP
was the highest for single source systems whereas the ground source
SAHP system was the highest for double source systems. COP values
formultiple source systemswere higher than for the single source sys-
tems. Exergetic analysiswas also carriedout favoring in this case single
source systems, especially GSHP system.
Dai et al. [76] studyexperimentally theheatingperformanceof a ground
source SAHP during the coldest month in China. On the other hand,
Verma et al. [77] carried out the study of a ground source SAHP from
December to January in India. Both studies concluded that the per-
formance of a GSHP system increased when it is assisted with solar
energy, especially when DHW is demanded during the night due to the
storage capacity of the tanks.
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1.4 Vapor compression cycles modeling
Systems modeling is the representation of a real behavior by means
of applying physical laws, empirical regressions and/or correlations.
Now, it will be ϐirstly introduced to the different approaches that can
be followed for modeling VCC. Secondly, VCC physics-based dynamic
models that can be found along the literaturewill be presented. Finally,
models of VCC components will be revised.
1.4.1 Different approaches for VCC modeling
Steady VS dynamic models
Steadymodels have beenwidely used in the industry, becoming a com-
monly requiredpractice forVCCdesign [78]. Nevertheless, steadymod-
els assumesas constants thevariables that interact in themodelwithout
taking into account the variability of them over time. Dynamic mod-
els take into account those variations representing and predicting the
behavior of the system over the time. In Figure 1.18 can be seen the
graphic deϐinition of both approaches.
It is accepted by the modeling community that dynamic system oper-
ation can be approximated by series of quasi steady-state operation
conditions taking a reduced time-step in comparison with the simula-
tion time [79]. However, this assumption cannot be accepted for any
situation. For instance, if the aim of the model is to simulate the dy-
namic control of a system, it cannot be done by approximation due to
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Figure 1.18: Graphic deϔinition of steady and dynamic state.
the suddenness and high speed of the transient-state. For those situ-
ations, dynamic simulations must be performed.
Regarding HVACmodels, many authors have developed steadymodels.
Most of themwith the objective of calculate the energy performance of
a system for a given operation conditions. For instance, Underwood et
al. [80] developed a parametric steady model for an ASHP that can be
parameterized and ϐitted either from ϐield, laboratory or manufactur-
ers data. Tran et al. [81] used regressions from tests data to predict
the COP of an ASHPWH. Kinab et al. [82] developed a model to cal-
culate the performance of a reversible HP by modeling and simulating
separately the components of the system using physic equations and
approaches.
In fact, there exist different widely used software developed to simu-
late the behavior of HVAC systems under steady-state conditions, such
asDOE/ORNL [83]developedbyOakRidgeNational Laboratory (ORNL),
CYCLE_D-HX [84] developed by the National Institute of Standards and
Technology (NIST), IMST-ART [85] by the IMST research group from
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the Technical University of Valencia and VapCyc [86] by Center of En-
vironmental Energy Engineering from University of Maryland.
However, steady models are not able to predict transient-states. This
limit its utility in ϐields like control systems, fails prediction or systems
design. For that purposes, dynamic models are needed.
On the other hand, SPF is a term needed to calculate the amount of
captured energy to be considered as renewable energy. It is commonly
calculated by long-term real ϐield measurements [29], which requires
an important monetary investment. Nevertheless, it can be calculated
bydata obtainedwith a validateddynamicmodelwithout the necessity
of develop long-term tests.
Tests-based VS physics-based models
In tests-based models, also known as data-based, black box or lumped
parameters models, the unknown variables at each step-time are cal-
culated bymeans of empirical correlations and regressions ϐitted to ex-
perimental data using maths and statistics. Those equations had been
previously created using data obtained from laboratory or ϐield tests.
This kindofmodels are used to predictwith high accuracy the behavior
of a given system under given steady conditions [87, 88]. Additionally,
they can be utilized also to predict dynamic behavior [89]. Neverthe-
less, this kind of models only can be used to predict the behavior of
the system that have been previously tested. If any component of the
system is altered, the model would no longer be valid. Therefore, the
versatility of tests-based models is low.
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On the other hand, physics-basedmodels use physical laws to simulate
the behavior of the system, providing great accuracy and the opportun-
ity to simulate different components and conϐigurations. Underwood
[90] reviewed GSHP simulations, comparing models based on transfer
functions and physics-based models, emphasizing the accuracy of the
latter. Similarly, Rasmussen [91] compared physics-based and data-
based models, highlighting the versatility of the former.
However, the complexity of developing and implementingphysics-based
models is greater than test-based models. Therefore, test-based mod-
els could be more appropriate for some ϐields, such as performance
studies of a given system in different locations. Additionally, the com-
putational load of a physics-based model is also greater than a test-
based one.
Micro-scale VS macro-scale models
Depending on the purpose of the model, it can be approached from
two different points of views: macro-scale and micro-scale. On the
one hand, the purpose of simulations carried out by macro-scale mod-
els is to get a general view of the system behavior, over hours, days or
months, in order to predict the seasonal performance of a given sys-
tem.
The performance during transient-states, such as start-up, shut-down
and working mode switches are not taken into account in macro-scale
models. It would increase the model complexity and computational
time while the results would hardly vary due to the negligible time of
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those transient-states in comparison with the total simulation time.
On the other hand,micro-scalemodels focus on the behavior of the sys-
tem during short time periods in which aggressive transient-states are
given. Seconds-based time scales are usually used in order to under-
stand the physical behavior of systems under fast transitory states.
1.4.2 VCC systems physics-based dynamic models
Micro-scale models
Regarding physics-basedmicro-scale dynamic models to simulate VCC
systems, one of the most known tool is the commercial software Ther-
mosys [92], which is able to carry out dynamic simulations of differ-
ent vapor compression systems [93][79]. This software works in Mat-
lab/Simulink environment [94] and was developed by the Alleyne Re-
search Group of the University of Illinois at Urbana-Champaign. Differ-
ent components can be used to simulate different VCCs. For instance,
non-reversible air source refrigeration systems can be simulated with
this software [95]. Additionally, Li et al [96], based on Thermosys soft-
ware, developed adynamicmodel of a cooling vapor compression cycle
with which the shut-down and start-up operations were analyzed.
InModelica environment [97] different component libraries have been
developed to simulate the dynamic behavior of VCC systems. TIL Suite
[98] and ThermoCycle [99] are the most known ones. For instance, a
transientmodeling of a ϐlash tank vapor injectionHPwas developed by
Qiao et al. [100, 101] using Modelica environment to capture the tran-
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sient heat transfer and ϐlow phenomena. Similarly, Qiao et al. [102]
presented a dynamic heat exchanger and frost growth model to ac-
count for the non-uniform frost formation during winter operation of
a vapor injection HP.
Koury et al. [103] also presented a physics-based dynamic model of
a low cost ASHP for residential water heating and validated it exper-
imentally. As said before, one of the most usefulness of micro-scale
models are the capability of simulate and predict fast transient-states
of systems. Regarding HPs, the most common fast transient-states are
the produced by the start-ups and shut-downs of the systems and by
the working mode switching.
For instance, start-ups and shut-downs cycles of a VCCwere simulated
and analyzed by Li et al. [96], Lee et al. [104], Hermes et al. [105],
Andrade et al. [106] and Jeong et al. [107].
Working mode switching are very common in HPs due to its capabil-
ity to reverse the cycle thanks to the 4WV. As explained before, it can
be given for two main reasons: supply punctual heating or cooling de-
mand and to carry out defrosting cycles.
Concerning reverse-cycle dynamic modeling, Qiao et al. [108] presen-
ted a model in Modelica of an ASHP system to analyze its transient
characteristics during the defrosting cycle. A physics-based model of
the frost formation andmelting is detailed and developed. Themodels
used to simulate the behavior of the HP components were validated
in [100, 102]. Both frost formation and melting models, as well as the
simulation during the defrosting cycle, were not comparedwith exper-
imental tests.
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Macro-scale models
Dynamicmacro-scalemodels of differentHVACsystemshavebeen stud-
ied over the last few years. However, there are not many studies car-
ried out with physics-based models. Calise et al. [109] developed a
dynamic model of three different layouts of solar heating and cooling
systems and analyzed the daily transient energy performance. Spe-
ciϐically, dynamic macro-models of HPs can be found in the recent bib-
liography. Buonomano et al. [110] analyzed the system’s power con-
sumption, operation costs and environmental impact of a water loop
HP in hourly, daily and seasonal scales. The performance factor of a
dual-source HP was seasonally and annually analyzed by Grossi et al.
[111]. Furthermore, the HP included in a polygeneration system was
dynamically simulated by Calise et al. [112]. The electric, thermal and
economic analysis was presented on a daily, weekly and yearly basis.
1.4.3 VCC components dynamic physics-based models
Whenmodeling dynamic systems such as VCC systems, it must bear in
mind that not all the components of the system have equal dynamics.
In fact, when modeling a dynamic system, usually the dynamics of the
model are governed by the components with slowest dynamics.
For instance, in the case of HPs, the heat exchangers have slower dy-
namics than the components that regulate the Mass Flow Rate (MFR),
such as compressors or valves [113, 114]. This causes that the chal-
lenge when modeling HPs relies in modeling slow dynamic compon-
ents such as heat exchangers.
52 CHAPTER 1. INTRODUCTION
University of the Basque Country
Heat exchangers modeling
ForHEXphysics-basedmodels, differentmodeling and resolutionmeth-
ods canbe found. Amongothers, twoof themost commonlyusedmeth-
ods are the Moving Boundary (MB) [115] and Finite Control Volume
(FCV) [116]. While FCV divides the total length of the HEX into a ϐi-
nite number of volumes of equal size, the MB method divides it into a
reduced number of unequal ϐinite volumes of variable size. The sizes
of those ϐinite volumes varies along the simulation and depends on a
chosen property, such as mean void fraction [117]. Garcia et al. [118]
summarized the references inwhich transientmodels of heat exchangers
for refrigeration systems appeared.
Regardingmodeling methods, some comparisons between bothmeth-
odshavebeenpresentedover the last fewyears. Bendapudi et al. [119]
compared them ina shell-and-tubeheat exchangerof a centrifugal chiller
system. The results were compared with experimental data and it was
concluded that, during steady-states, MBwas faster reaching equal ac-
curacy. Nevertheless, during transient-states, the FCV formulationwas
found to be more robust. Pangborn et al. [120] made a comparison
between modeling an air-to-liquid HEX with both FCV and MB meth-
ods, concluding that the computational time ofMBwas lower than that
of FCV, maintaining a good order of accuracy in both cases. Desid-
eri et al. [121] compared MB and FCV methods in a Plate Heat Ex-
changer (PHEX) concluding the similar good grade of accuracy of both
methods and highlighting the lower computational time of the MB ap-
proach. Similar conclusions were were reached by Bonilla et al. [122]
simulating an evaporator of a direct solar steam facility.
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On the other hand, Rodriguez et al. [123] compared four different dy-
namic modeling paradigms for an air-to-refrigerant evaporator. It was
compared FCV method with three MB methods: enthalpy, void frac-
tion and density basedMB. They highlighted the advantages of the FCV
method due to the no need of switching triggers, thresholds or toler-
ances to reach accurate results. However the asserted that it is done at
the expenses of a higher computational time.
The MB methods has been widely used in air-to-liquid HEX dynamic
modeling, as described in [91, 124, 125]. For instance, Ibrahim et al.
[51]used it topredict the energyperformanceof anASHPWHandBonilla
et al. [122] used for the simulations of condensers and evaporators of
a solar-thermal power plant. McKinley et al. [126] developed a non-
linear switched MBmodel to simulate air-to-liquid HEXs.
Regarding refrigerant-to-liquid HEX, Sangi et al. [127] used a com-
binedMBanddiscretizedmethods to carry out simulations of GSHPs in
Modelica and Li et al. [128] to model the condensers and evaporators
of an underwater system. The use of MB method makes it difϐicult to
develop a liquid-to-refrigerant HEX with counter-ϐlow conϐiguration.
For instance, Bell et al. [129] developed anMBmodel for counter-ϐlow
HEX, but was only able to predict stationary states. Chu et al. [130]
were able to model a counter-ϐlow PHEX but they had to use a MB-FCV
coupling algorithm.
In FCV models, Ozana et al. [131] implemented a dynamic model of a
steam superheater HEX of an industrial boiler using the FCV method.
It was validated for both parallel and counter-ϐlow connections. Nev-
ertheless, it was not necessary tomodel the phase change of the ϐluids.
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Bendapudi et al. [132] developed a centrifugal chiller system model
using the FCV method for the shell-and-tube heat exchanger, focusing
on aspects like mesh dependence, integrator order and step-size. It
was concluded that an increase in the number of ϐinite control volumes
increases the simulation accuracy up to a limit. Srihari et al. [133] ana-
lyzed the effect of the maldistribution of the ϐlow into the PHEX chan-
nels for single-phase ϐluids using a FCVmodel. Moreover, the transient
performance of the air side of an air-to-water HP under frosting con-
ditions was analyzed using a dynamic FCV model by Gao et al. [134].
Compressors modeling
The most widely used compressors in VCC systems are the scroll and
reciprocating compressors. Along years, many numerical studies have
been carried out regarding the modeling of both scroll and reciproc-
ating compressors. The complexity of those models depends, among
others, in their purpose. Complex models are usually used to com-
pressors design issues. For instance, Link et al. [135] developed a
model to predict the start-ups and shut-downs transients of reciproc-
ating compressors. A literature review about the recent publications
of refrigerant scroll compressors modeling was written by Byrne et al.
[47]. In there, many geometrical, empirical and semi-empiricalmodels
can be found.
Nevertheless, when the compressor is modeled inside amore complex
system such as a VCC, rarely complex geometrical models are utilized
to describe the behavior of the compressor. It would lead in a more
complex model that would hardly improve the model accuracy due to
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the uncertainties and assumptions that are involved in the system. In
this cases, simple models are utilized to describe compressors beha-
vior [51, 95, 118].
Moreover, it must be take into account that, as said before, the dynam-
ics of the compressor are much faster than the HEX ones. Therefore,
compressor can be simulate as and static component inside a dynamic
model if the HEXs are modeled dynamically [51, 124, 136]. Neverthe-
less, some authors have applied time variables to the static modeling
approach transforming the static compressormodel into a quasi-static
model [95, 137].
Expansion devices modeling
Inside VCC systems, different expansion devices can be found, such
as Thermostatic Expansion Valve (TXV), Electronic Expansion Valve
(EEV) and capillary tubes [138]. Nowadays, themain expansion device
of the refrigerant cycle usually is an EEV due to its fast regulation ca-
pacity and precise control [139, 140].
Regarding valves modeling, in the literature can be found high accur-
acymodels of expansion valves. For example, Cao et al. [141] develop a
neural network model to model the refrigerant ϐlow thorough an elec-
tronic expansion valve and Ndiaye et al. [142] modeled the bleed port
of a thermostatic expansion valve.
However, similarly to compressor models, in systems like VCC the dy-
namics and inertial effects of the valves are usually neglected and they
are statically modeled [95, 114, 136].
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Chapter 2
MOTIVATION & GOALS
During this chapter, ϔirstly the project motivation will
be described. Then, the main goals of the thesis and the
contributions to both scientiϔic community and HVAC in-
dustry will be presented. Finally, the structure of the
thesis document will be explained.
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2.1 Project motivation
The energetic problem is an issue that concerns all entire world. Heat-
ing and cooling in buildings accounts for around the 80% of total ϐi-
nal energy use, of which the 75% is still generated from fossil fuels
and only 19% from renewable energy [18]. In this context, Heat Pump
systems are one of the most promising technologies to reduce fossil
energy consumption for heating and cooling in buildings [143]. Ad-
ditionally, newer and more efϐicient heat pump technology would im-
prove the energy sustainability of the building in which it is used.
In order to develop newHPs, there are two important aspects. The im-
provement of the components and the improvement of the joint sys-
tem. The components would improve by optimizing geometrical para-
meters and materials, between others. In the joint system, the main
goal is to improve the control loop of the system. Nowadays, the best
way to address these aspects is by the dynamic modeling of the com-
ponents and systems that could simulate accurately their behavior.
These dynamic models should fulϐill the following requirements:
• Full dynamic model.
• Capability to carryoutheating, cooling andDHWproductionmodes
simulations.
• Capability to simulate micro-scale transient simulations. Under-
standing as micro-scale the time scale at which fast transient-
states are produced. For instance, operation conditions changes,
working mode switches or system start-ups.
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• Capability to simulate macro-scale dynamic simulations. Under-
standing as macro-scale the time scale at which the dynamic of
the system is studied during long time periods. With it, the per-
formance of the system is obtained, such as COP, Energy Efϐi-
ciency Ratio (EER) or SPF.
• Possibility to use different components to create a system.
• Possibility to change physical speciϐications of the components
and the working ϐluids.
In this thesis, it will be described the development and validation of a
reversible liquid-to-liquid HP model capable to carry out micro- and
macro-scale simulations.
There exist differentmodeling environments inwhich systemsdynamic
models can be developed and simulated, such as AMESim [144], Mod-
elica [97] or Matlab/Simulink [94]. For this thesis it was chosen to use
Matlab/Simulink environment for the following reasons:
• Many HVAC systems manufacturers develop and test their con-
trol loops with Simulink.
• It is one of the most used programming and modeling environ-
ment in theHVACengineering. Therefore, is common to ϐindMat-
lab/Simulink software already installed in engineering compan-
ies.
• The high optimized capability of interaction between the drag
anddropmodeling Simulink environment and thenumerical com-
puting Matlab environment.
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However, there are also some drawbacks when usingMatlab/Simulink
environment tomodel physic facilities. For instance, the signals in Sim-
ulink are unidirectional and the direction is set before the simulations.
Regarding thedifferentmodeling approachesdescribed in Section1.4.1,
the model will be developed as a physics-based dynamic model that
will be able to simulate both micro- and macro-scales simulations. It
would give the possibilities of predict both fast transient situations,
suchasworkingmode switches, and long time situations, suchasmonthly
system performance.
Additionally, PHEX model will be developed using FCV method. The
main reasonof chosen thismethod is the versatility that offers it to sim-
ulate different HEXs conϐigurations and types. For instance, by using
FCV method, during this thesis it will be presented a model that sim-
ulates the dynamic behavior of a refrigerant-to-liquid PHEX that can
work indistinctly in counter- or parallel-ϐlow and both as a condenser
and as an evaporator.
Now, goals, contributions and structure of the thesis will be described.
2.2 Goals
The main goals of this thesis are the followings:
1. To develop a physics-based dynamic model to simulate revers-
ible liquid-to-liquid HPs. The model must be able to simulate the
dynamic behavior of a reversible liquid-to-liquid heHPunder differ-
ent situations and conϐigurations.
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2. Tovalidate thedevelopedmodelunder fast transient situations.
One of the requirements of the model is to simulate the behavior
of the system during transient simulations in a micro-scale of time
such as drastic change in operation conditions, start-up situations
or working mode switches. Therefore, the model must be validated
under micro-scale situations.
3. Tocarryoutdynamic simulationsduringaworkingmodeswitch.
In order to prove the validity of the model to simulate reversible
HPs, working mode switches from the heating mode to the cooling
mode and vice-versa must be achieved.
4. Tovalidate themodelunder large timescale situations. The last
requirement of the model it to carry out simulations under macro-
scale situations. Therefore, simulation results must be validated
against large time scale experimental tests.
5. Flexible model. The developed model must be ϐlexible to simu-
late HPs of different sizes and conϐigurations, allowing the user to
change the speciϐications fo the used components.
Additionally, to reach those main goals, some speciϐic objectives must
be achieved.
• To elaborate a comprehensive analysis of the state of the art in
the ϐield where the study is focused: reversible HPs operation,
experimental testwithHPs,mathematical dynamicmodels ofHPs
and dynamic characterization of HPs.
• To develop the mathematical model of each component of the
system separately.
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• To look for the appropriate simulation environment and become
familiar with the implementation of the dynamic models in it.
• To joint the different components together.
• To design a test methodology to validate the model under differ-
ent dynamic situations.
• To carry out the data reduction, synchronization and treatment
of experimental test measurements.
2.3 Contributions
The contributions of this thesis can be separated into two groups. The
ϐirst one is the contributions to the scientiϐic community. The other
one includes HVAC industry and more speciϐically HPs manufacturers.
Some contributions are horizontal to both groups.
Contributions to scientiϐic community
• A detailed overview about residential HPs is presented. It is re-
viewed the European legislation and global agreements regard-
ing HPs, which supports a greater use of HPs for production of
DHW, space heating and space cooling. The basic principles of
operation and the different types of residential HPs that can be
found in the market are explained. Additionally, the different
ϐield and laboratory experimental tests that have been carried
out within last years are presented.
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• Different approaches to carry out VCC mathematical models are
presented. A review of the scientiϐic community advances in VCC
physics-basedmodels arepresented, focusing in thePHEXsmath-
ematical dynamic modeling.
• A model that can predict the dynamic behavior of a HP during
both fast transient-states and slowdynamic situations is developed.
• A dynamic HP model to simulate working mode switches is de-
veloped.
• A model that can simulate the behavior of a PHEX working both
as a condenser or as an evaporator is developed. Moreover, the
samemodel canworkunderdifferent conϐigurationsof thePHEX,
such as counter-ϐlow and parallel-ϐlow connections.
• An uncommon thermal facilities test methodology is presented.
Contribution to HVAC industry
• The developed model is able to simulate accurately HP systems
varying the speciϐications of the used components such as geo-
metrical characteristics, conϐigurations and working ϐluids. It is
useful to simulate the behavior of new systems or components
during the design stages.
• Validated components or systems can be saved and libraries can
be created. Thus, new systems conϐigurations or different oper-
ation conditions can be simulated.
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• As themodel is implemented in Matlab/Simulink, the developed
control loops of the manufacturers can be implemented in the
model.
• With the same model, both micro-scale and macro-scale simula-
tions canbe carried out. It allows the user to predict the behavior
of the system both for fast transient situations, such as start-ups,
and for long time operations to study the system performance.
2.4 Document structure
The thesis is divided in six independent chapters. However, in many
cases along the document are found references to other chapters or
sections of the document.
Chapter 1 includes the introduction to the thesis presenting an ex-
haustive state of the art about residential HPs and the advances on
its modeling. Firstly, a general energy background is presented. In
it, the main global energy problems, heating and cooling handicaps in
buildings and the latest energy policies are presented. Then, a brief
description of HPs operation principles, types of HPs and their role in
the energy transition is depicted. Additionally, different tests with HPs
conducted by the community are described. Finally, the advances in
mathematical modeling of VCC and its components are reviewed. In
Chapter 2, the objectives of this thesis and the contributions to both
scientiϐic community and HVAC industry are presented.
In Chapter 3, the model development is presented. Equations to char-
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acterize each of the system component are presented and transformed
in order to implement them in Matlab/Simulink. The model block of
each component is presented, explaining them individually and col-
lectively. Finally, apart from the implemented equations, the comple-
mentary information that is needed to carryout simulations aredeϐined
and explained.
Themodel is used formicro-scale validations and simulations inChapter
4. Firstly, the used test facility and followed methodology to carry out
tests for micro-scale validation are presented. Different transient situ-
ations are tested by varying the operation conditions and the working
mode of the system. Then, the validation during the heating mode, the
cooling mode and the system start-up is showed. Finally, a switching
mode simulation is presented, explaining the considerations for carry-
ing out the simulation and discussing the obtained results.
Chapter 5 presents the utilization of the model for macro-scale simu-
lations. Firstly, the test rig and the carried out tests are explained. in
this case, the difference between tests is the demanded cooling load
and therefore, the ON/OFF time ratio. With those tests, the validation
of the model in macro-scale situations is given. Then, it is compared
the system performance during tests and simulations.
Finally, inChapter6, the scientiϐicworks that have beenproduceddur-
ing the development of this thesis, the conclusions that can be drawn
from this research and the proposedworking lines that canbe followed
are presented.
Apart from the main chapters, the document includes some annexes
where additional information is given. In Annex I, some images about
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the interior of the component model subsystems are shown. Then, in
Annex II, the code written in the ”S-funtions” is given. In it, the FCV
equations to simulate the dynamic behavior of PHEXs are implemen-
ted. As said before, in Chapter 4 the validation inmicro-scale is presen-
ted. However, in it, only some representative comparisons between
test data and simulation results are presented. Thus,Annex III collects
the remaining carried out comparisons. Similarly, in Annex IV are col-
lected the comparisons in macro-scale that are not shown in Chapter
5.
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Chapter 3
HEAT PUMP SYSTEMMODEL
During this chapter, the model to simulate the behavior
of liquid-to-liquid heat pump systems will be presented.
It is ϔirstly presented the governing equations that simu-
lates the dynamic behavior of the system and the modi-
ϔications of the equations that are needed to implement
them in the simulation environment. The implementa-
tion in matrix mode of the PHEX equations is also ex-
plained. Then, the interface of the model with a speciϔic
explanation of each component in given. Finally, in ad-
dition to the equations, the complementary information
and data that is needed to carry out the simulations is
presented and explained.
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3.1 Introduction
As said during the introductory chapter, the model is able to simulate
liquid-to-liquid HP systems under different circumstances such as wa-
ter cooling, water heating, workingmode switches, start-ups and shut-
downs situations.
The model is entirely developed in Matlab/Simulink environment im-
plementing physic equations and using the FCV method. Differently
from the models that are usually found in bibliography for HPs sim-
ulations, this model does not use any experimental correlations nor
regressions to carry out the simulations with the exceptions of the em-
pirical correlations that will be later presented to calculate the Heat
Transfer Coefϐicient (HTC) of the ϐluids inside the PHEXs. The model
is developed with physic equations and components data provided by
manufacturers.
Additionally, thePHEXsmodel simulates the behavior of a PHEXs indis-
tinctly if it is working as a condenser or as an evaporator. Moreover, it
simulates both counter-ϐlow and parallel-ϐlow connections.
There exist two kind of components in VCC systems. Some of them
are responsible of regulating theMFR, such as compressors and valves,
while others regulate thehighand lowworkingpressures, suchasHEXs.
The dynamics of the PHEXs are much slower than the dynamics of the
compressor and the valve. Thus, the dynamics of the system is as-
sumed tobedominatedby the dynamics of the heat exchangers. There-
fore, ir order to simplify the model, the compressor and the valve are
modeled as static components.
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For models of those components that regulate refrigerant MFR, inlet
and outlet refrigerant pressures must be known. Otherwise, for com-
ponents that regulate the refrigerant pressure, the inlet and outlet re-
frigerant MFRs must be known.
During this chapter, the implemented governing equations to simulate
the behavior of the different components of the HP such as the com-
pressor, the EEV, and PHEXs will be ϐirtly presented and transformed
until reach the equations that can be implemented in the chosen mod-
eling environment.
Once the equations have been obtained, it will be explained the meth-
odology to implement the dynamic equations of the PHEXs using the
FCV method for a N number of FCV. Then, an example of a three ϐinite
volumes PHEX will be presented both for counter-ϐlow and parallel-
ϐlow connections.
3.2 Governing equations
Now, the equations that model the behavior of the different compon-
ents of a basic liquid-to-liquid HP will be presented.
It is assumed that each component of the system is thermally insulated
from the surroundings, taken them as adiabatic systems. Therefore,
there will not be heat losses or gains to/from the ambient air.
On the other hand, pressure losses between components (inside pipes)
are negligible. Consequently, it will be assumed two pressure levels:
high-pressure and low-pressure.
CHAPTER 3. HEAT PUMP SYSTEMMODEL 69
ENEDI Research Group
Moreover, regardingpipes, sincepressure losses arenegligible andheat
transfer to/fromsurroundings is null, the refrigerant energy at the out-
let of one componentwill be equal to the refrigerant energy at the inlet
of the next component. Therefore, pipes will not be modeled. Outlet
properties will be directly sent to the inlet port of the corresponding
component.
Neglecting pipes modeling is widely used in HVAC systems modeling
[51, 90, 145]. Similarly, taken assumptions can be easily ϐind along the
literature [100, 114, 146]
3.2.1 Compressor
As said before, compressor is staticallymodeled. Both refrigerantMFR
and outlet enthalpy are calculated by means of algebraic equations.
Equation (3.1) and (3.2) are used to calculate the refrigerant MFR and
the outlet enthalpy respectively.
m˙comp = ρin · Vcomp · ηvol (3.1)
hout,comp = hin +
1
ηisen
(hout,isen − hin) (3.2)
The compressor power is calculated with an energy balance assuming
an adiabatic compression.
W˙comp = m˙comp · (hout − hin) (3.3)
While the irreversibilities inside the compressor are measured with
the isentropic efϐiciency, the friction and mechanical losses are given
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by the volumetric efϐiciency.
3.2.2 Electronic expansion valve
The EEV model calculates the refrigerant mass ϐlow as a consequence
of the current valve position and cycle pressures. The EEV is modeled
statically and it is assumed to have an isenthalpic thermodynamic be-
havior. Themass ϐlowregulation is describedby the relationshippresen-
ted in Equation (3.4).
m˙valve = Cv ·
√
∆P · ρin (3.4)
The valve coefϐicient (Cv) depends on the EEV type and can be determ-
ined experimentally.
3.2.3 Four ways valve
The 4WV is the component that allows the reversibility of the system.
By switching the inlet and outlet ports of the valve, the system can
switch from the cooling working mode to the heating working mode
and vice versa. Nevertheless, the reversibility is internally given by
switching the inlet signals to the components. It will be detailed ex-
plained in Section 4.7.
On the other hand, it is known that losses are given inside 4WVs, such
as pressure drops, heat losses and ϐluid leakages fromhigh-pressure to
low-pressure side [147]. However, through experimental tests it was
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observed that this losses are chaotic, random and hard to predict.
Therefore, taking into account the randomness of these phenomenon
and that in the model it is not needed such valve to allow the system
reversibility, the 4WVmodel is not modeled.
3.2.4 Plate heat exchanger
Unlike the compressor and EEV, PHEX are modeled dynamically, using
partial differential equations to model the behavior of the refrigerant
ϐluid, secondary ϐluids and intermediate plates. At the time of model-
ing the behavior of the PHEX, some assumptions have been taken into
account. This assumptions are widely used for HVAC systems dynamic
modeling [113, 114, 120, 121, 136].
• Pressure drops through the PHEX will be neglected. Although
there exist pressure drops, they can be neglected since are usu-
ally lower than 20kPa [148, 149]. Moreover, at the time of valid-
ate themodel, those values can be lower than the inherit error of
the used measurement device. Taken them into account would
lead in a more complex model and the accuracy ot results would
not improve.
• The maldistribution of the refrigerant mass ϐlow is neglected,
so it is supposed that it is uniformly distributed in the different
channels of the PHEX.
• Axial thermal energy conduction is negligible.
• It is supposed that the heat exchangers are totally insulated from
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the surroundings.
• Fluid ϐlow through PHEX is modeled as one-dimensional.
• For the calculation of the heat transfer rate, the PHEX are re-
duced to two channels and one plate heat exchanger. Neverthe-
less, once the heat transfer rate is calculated, it is multiplied by
two to take into account the fact that each channel is conϐined
between two plates.
• The FCV method is adopted to carry out the calculations.
• It is supposed that the density and velocity of the secondary ϐluid
remain constant along all the PHEX.
Refrigerant equations
The refrigerant ϐluid is the ϐluid that undergoes a phase change when
it circulates through the PHEX. It can be condensed going from super-
heated gas to sub-cooled liquid or evaporated going from two-phase
ϐluid to super-heated gas. Additionally, it can go out from the PHEX as
a two-phase ϐluid if the transferred heat between ϐluids is insufϐicient
to conclude the condensation or evaporation processes.
During transient-states, properties of the refrigerant ϐluid changewith
time and along PHEX, with the exception of pressure, which do not
change along PHEX. In order to model the changes of the ϐluid proper-
ties, energy and mass conservation equations are applied to the refri-
gerant ϐluid. Momentum conservation equation is not applied due to,
as said before, the pressure drop through the PHEX is negligible.
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Refrigerantmass: Equation3.5presents themass conservationequa-
tion for the refrigerant ϐluid. Nevertheless, this equation is not suitable
for being implemented in a simulation code, so itmust be transformed.
Equations transformation is similar to the followedbyRasmussen [114]
for a single-phase heat exchanger. Firstly, each term is integrated along
the length of the heat exchanger. Then, each term of Equation 3.6 is
transformed separately.
∂(ρ
R
Ac)
∂t
+
∂(m˙
R
)
∂x
= 0 (3.5)
∫ x
0
∂(ρ
R
Ac)
∂t
dx+
∫ x
0
∂(m˙
R
)
∂x
dx = 0 (3.6)
Regarding the ϐirst term of the equation, extracting the cross-sectional
area from the integrator and applying the Leibniz integral rule [150],
Equation 3.7 is obtained.
∫ x
0
∂(ρ
R
Ac)
∂t
dx = Ac
[
d
dt
∫ x
0
ρ
R
dx
]
(3.7)
Then, the integral equation is solved (Equation 3.8).
Ac
[
d
dt
∫ x
0
ρ
R
dx
]
= V ρ˙
R
(3.8)
Finally, enthalpy and pressure are taken as independent variables for
calculating the density time derivative, reaching Equation 3.9.
V ρ˙
R
= V
[(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
P˙R
)
+
(∣∣∣∣∂ρ∂h
∣∣∣∣
P
h˙R
)]
(3.9)
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The second term is transformed by solving the integral and Equation
3.10 is gotten.∫ x
0
∂(m˙
R
)
∂x
dx = m˙
R, out
− m˙
R, in
(3.10)
Substituting the termsof theEquation (3.6) and reordering them, Equa-
tion (3.11) is obtained.
V
[(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
P˙R
)
+
(∣∣∣∣∂ρ∂h
∣∣∣∣
P
h˙R
)]
+ m˙
R, out
−mm˙
R, in
= 0 (3.11)
where
∣∣∣ ∂ρ
∂P
∣∣∣
h
represents the refrigerant density variationwith respect
to the pressure variation at constant enthalpy and
∣∣∣∂ρ
∂h
∣∣∣
P
represents
the refrigerant density variationwith respect to the enthalpy variation
at constant pressure [151].
Themass conservation equation applied to the refrigerant ϐluid is now
in function of the pressure and enthalpy time derivatives.
Refrigerant energy: Equation 3.12 presents the energy conserva-
tion equation applied to the refrigerant ϐluid. It must be transformed
following similar steps than for the refrigerant mass. Firstly, as pres-
sures losseswere neglected, dh = c·dT equality can be applied, getting
Equation 3.13. This is because during the refrigerant phase changes,
pressure and temperature are dependent properties. Therefore, the
calculations are simpliϐied if the independent variables to calculate the
rest of the properties of the refrigerant ϐluid are the enthalpy (h) and
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the pressure (P).
∂(ρ
R
AccRTR)
∂t
− ∂(AcPR)
∂t
+
∂(m
R
c
R
T
R
)
∂x
= α
R
L(T
R
− T
W
) (3.12)
∂(ρ
R
AchR)
∂t
− ∂(AcPR)
∂t
+
∂(m
R
h
R
)
∂x
= α
R
L(T
R
− T
W
) (3.13)
Then, each term of Equation 3.13 is integrated along the length of the
heat exchanger resulting inEquation3.14Now, spatial dependency can
be removed.∫ x
0
∂(ρ
R
AchR)
∂t
dx−
∫ x
0
∂(AcPR)
∂t
dx+∫ x
0
∂(m
R
h
R
)
∂x
dx =
∫ x
0
α
R
L(T
R
− T
W
)dx
(3.14)
Regarding the ϐirst term of the equation, extracting the cross-sectional
area from the integrator and applying the Leibniz integral rule, Equa-
tion 3.15 is obtained.∫ x
0
∂(ρ
R
AchR)
∂t
dx = Ac
[
d
dt
∫ x
0
(ρ
R
h
R
)dx
]
(3.15)
Then, solving and assuming average properties inside the PHEX, Equa-
tion 3.16 is obtained.
Ac
[
d
dt
∫ x
0
(ρ
R
h
R
)dx
]
= V (ρ˙
R
h
R, ave
+ h˙
R
ρ
R, ave
) (3.16)
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Enthalpy and pressure are taken as independent variables for calculat-
ing thedensity timederivative. Assuming that, Equation3.17 is reached.
V (ρ˙
R
h
R, ave
+ h˙
R
ρ
R, ave
) =
V
[[(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
P˙R
)
+
(∣∣∣∣∂ρ∂h
∣∣∣∣
P
h˙R
)]
h
R, ave
+ h˙
R
ρ
R, ave
] (3.17)
Second term is transformedby extracting the cross-sectional area from
the integral and integrating the time derivative of the pressure, which
results in Equation 3.18.∫ x
0
∂(AcPR)
∂t
dx = V P˙
R
(3.18)
Integrating the third term, Equation 3.19 is obtained.∫ x
0
∂(m˙
R
h
R
)
∂x
dx = m˙
R, out
h
R, out
− m˙
R, in
h
R, in
(3.19)
Integrating the right sideof theEquation3.14, Equation3.20 is reached.∫ x
0
α
R
L(T
R
− T
W
)dx = α
R
As(TR − TW ) (3.20)
Finally, joining all the transformed terms together (Equation3.17 - 3.20)
and reordering them, Equation 3.21 is obtained.(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
h
R, ave
− 1
)
V P˙
R
+
(∣∣∣∣∂ρ∂h
∣∣∣∣
P
h
R, ave
+ ρ
R, ave
)
V h˙
R
+
m˙
R, out
h
R, out
− m˙
R, in
h
R, in
= α
R
As(TR − TW )
(3.21)
Now, the energy conservation equation applied to the refrigerant ϐluid
has been modiϐied in order to be implemented in a simulation code.
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It is in function of the pressure and enthalpy time derivatives so the
phase change of the ϐluid can be taken into account and simulated.
Secondary ϐluids equations
The velocity and the density of the secondary ϐluid, generallywater or a
mixture of water and Ethylene-Glycol, is assumed to be constant along
all the heat exchanger. This leads to not needing to apply the equation
of the mass conservation for the secondary ϐluid.
Equation 3.22 presents the energy conservation equation for second-
ary ϐluid. Differently from refrigerant ϐluid, the secondary ϐluid will
remain in liquid-phase along all the PHEX. Therefore, it can be directly
calculated the temperature variation instead of enthalpy variation.
Since the secondary ϐluid is assumed as incompressible ϐluid, the vari-
ation of the pressure is neglected. Therefore, the partial derivative of
the pressure with respect of time does not appear in Equation 3.22.
∂(ρ
S
AccSTS )
∂t
+
∂(m
S
c
S
T
S
)
∂x
= α
S
L(T
W
− T
S
) (3.22)
The following steps carried out to transform the equation in order to be
suitable for being implemented in a simulation code are similar to the
previously followed for the refrigerant energy conservation equation.
Each term of Equation 3.22 is integrated along the length of the heat
exchanger.
∫ x
0
∂(ρ
S
AccSTS )
∂t
dx−
∫ x
0
∂(m
S
c
S
T
S
)
∂x
dx =
∫ x
0
α
S
L(T
W
− T
S
)dx
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(3.23)
Transforming the ϐirst term of Equation 3.23 and assuming average
properties, Equation 3.24 is obtained. Note that the density of the sec-
ondary ϐluid remains constant.∫ x
0
∂(ρ
S
AccSTS )
∂t
dx = V ρ
S, ave
c
S, ave
T˙
S
(3.24)
Transforming second and the right terms of Equation 3.23, Equations
3.25 and 3.26 respectively are gotten.∫ x
0
∂(m˙
S
c
S
T
S
)
∂x
dx = m˙
S
c
S, ave
(T
S, out
− T
S, in
) (3.25)
∫ x
0
α
S
L(T
W
− T
S
)dx = α
S
A
Ss
(T
W
− T
S
) (3.26)
Finally, joining Equations 3.24 - 3.26, Equation 3.27 is obtained.
V ρ
S, ave
c
S, ave
T˙
S
+m˙
S
c
S, ave
(T
S, out
−T
S, in
) = α
S
As(TW−TS ) (3.27)
By implementing the Equation 3.27 in a simulation code, the second-
ary ϐluid temperature variation with respect to time in a PHEX can be
calculated.
Plates equations
The temperature variation of the intermediate plate is described by
applying the energy conservation equation. It is presented in Equation
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3.28 and no transformations are needed.
m
W
c
W
T˙
W
= α
R
As(TR − TW )− αSAs(TS − TW ) (3.28)
The temperature of the plate depends on the mass and the thermal
properties of the plate material and the heat transferred to or from
both refrigerant and secondary ϐluids.
3.3 Heat exchanger model implementation
Once the equations have been transformed into temporal derivative
equations, they are discretized into different FCVs. For an N number
ϐinite control volumes, 3.11, 3.21, 3.27 and 3.28 are transformed into
Equations 3.29 - 3.32.
Vcv
(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
i
P˙
R
+ Vcv
(∣∣∣∣∂ρ∂h
∣∣∣∣
P
)
i
h˙
R
+ m˙
R, out, i
− m˙
R, in, i
= 0 (3.29)
Vcv
[(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
i
h
R, i
− 1
]
P˙
R
+ Vcv
[(∣∣∣∣∂ρ∂h
∣∣∣∣
P
)
i
h
R, i
+ ρ
R, i
]
h˙
R, i
+
m˙
R, out, i
h
R, out, i
− m˙
R, in, i
h
R, in, i
= α
R, i
As, cv (TR, i − TW, i)
(3.30)
VcvρS, icS, i T˙S, i + m˙S cS, i(TS, out, i − TS, in, i) = αS, iAs, i(TW, i − TS, i) (3.31)
m
W, cv
c
W
T˙
W, i
= α
R, i
As, cv (TR, i − TW, i)− αS, iAs, cv (TS, i − TW, i) (3.32)
Heat transfer rates between ϐluids and plates (q˙i) are deϐined in Equa-
tions 3.30, 3.31 and 3.32 as αiAs,cv∆Ti.
This equations are now implemented in the chosen simulation envir-
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onment, Matlab/Simulink [94]. Speciϐically, the model has been con-
structed in Simulink. This simulation tool of Matlab environment al-
lows the user to build and design simulation blocks models by a drag
and drop system. Additionally, Simulink is integrated in Matlab and
data can be easily transferred fromone to the other. Because of that, al-
though the model has been built in Simulink, the governing equations
of the PHEXs have been implemented in a Matlab code by means of
a the Simulink block ”S-function”. This block allows to implement al-
gorithms in Matlab code and then call to it from Simulink during the
simulation of the model. Then, in order to implement the presented
equations in a S-function, they are reorganized into a matrix equation.

Vcv
[(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
i
h
R, i
− 1
]
Vcv
[(∣∣∣∣∂ρ∂h
∣∣∣∣
P
)
i
h
R, i
+ ρ
R, i
]
0 0
Vcv
(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
i
Vcv
(∣∣∣∣∂ρ∂h
∣∣∣∣
P
)
i
0 0
0 0 VcvρS, icS, i 0
0 0 0 m
W, cv
c
W

×

P˙
R
h˙
R, i
T˙
S, i
T˙
W, i
 =

m˙
R, in, i
h
R, in, i
− m˙
R, out, i
h
R, out, i
+ 2q˙
R, i
m˙
R, in, i
− m˙
R, out, i
−m˙
S
c
S, i
(T
S, out, i
− T
S, in, i
) + 2q˙
S, i
q˙
R, i
+ q˙
S, i

(3.33)
Both heat transfer rates (q˙
R
and q˙
S
) are multiplied by two because
every refrigerant or secondary ϐluid are in contact with two interme-
diate plates, except for the boundary secondary ϐluid channels.
In order to solve Equation 3.33, the inlet and outlet MFRs of the refri-
gerant ϐluid must be known. When a steady-state is calculated, both
are equal. Nevertheless, during a transient-state, expansion and com-
pression devices regulate the refrigerant MFR and can be different. On
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the other hand, the inlet enthalpy of the refrigerant ϐluid and the inlet
temperature and MFR of the secondary ϐluid must also be known.
As will be shown later, when Equation 3.33 is extended to an arbit-
rary number of control volumes and the refrigerant inlet and outlet
MFRs are known, the intermediate MFRs must be calculated at each
time step. These intermediate refrigerant MFRs will be moved to the
second term of the matrix equation, forming another state vector.
In the aggregate, for each time step, 4N derivative states and integra-
tions must be solved, of which, the ϐirst corresponds to the pressure,
from the second to N+1 to the refrigerant enthalpies, from N+2 to
2N+1 to the secondary ϐluid temperatures, from 2N+2 to 3N+1 to the
intermediate wall temperatures and from 3N+2 to 4N to the refriger-
ant intermediate MFRs. Nevertheless, only the refrigerant energy and
mass equations have to be solved together. The energy equation of
plates and secondary ϐluid can be removed from thematrix and solved
separately, thus the computational time is reduced.
On the other hand, at the time of applying the presented formulation
to a ϐixed number of FCVs, counter-ϐlow and parallel-ϐlow connections
must be differentiated. Figure 3.1 and Figure 3.2 showa graphdescrip-
tion of a PHEX discretized in N number of FCVs for counter-ϐlow and
parallel-ϐlow connections, respectively.
As can be seen, the outlets and inlets of the refrigerant ϐluid are in-
verted when the connection of the PHEX is in counter-ϐlow or parallel-
ϐlow. The inversion of the refrigerant ϐluid allows themodel to be used
in reversible HPs which can heat and cool-down water, depending on
the user demands.
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Figure 3.1: Finite control volume counter-ϔlow PHEX model.
Figure 3.2: Finite control volume parallel-ϔlow PHEX model.
3.3.1 Arbitrary number of FCVs case
Equation 3.33 will now be extended to N control volumes formulation
for both a counter-ϐlow and a parallel-ϐlow connection.
Equation 3.34 and Equation 3.35 show thematrix equations that solve
the refrigerant energyandmass equations for counter-ϐlowandparallel-
ϐlow PHEX, respectively.
As the secondary ϐluid and plates energy equation can be solved sep-
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arately, they have been removed from the refrigerant matrix. Equation
3.36 shows the secondary ϐluid energy matrix equation and Equation
3.41 shows the intermediate plate energy matrix equation. They are
equal regardless of the connection of the PHEX.
[
Z1 Z3 Z5
Z2 Z4 Z6
]
×

P˙
R
h˙
R, 1
...
h˙
R,n
m˙
R, 1 : 2
...
m˙
R,n− 1 : n

=

−m˙
R, out
h
R, out
+ 2q˙
R, 1
2q˙
R, 2
...
2q˙
R,n− 1
m˙
R, in
h
R, in
+ 2q˙
R,n
−m˙
R, out
0
...
0
m˙
R, in

(3.34)
[
Z1 Z3 Z7
Z2 Z4 Z8
]
×

P˙
R
h˙
R, 1
...
h˙
R,n
m˙
R, 1 : 2
...
m˙
R,n− 1 : n

=

−m˙
R, in
h
R, in
+ 2q˙
R, 1
2q˙
R, 2
...
2q˙
R,n− 1
m˙
R, out
h
R, out
+ 2q˙
R,n
−m˙
R, in
0
...
0
m˙
R, out

(3.35)
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[Z9]×

T˙
S, 1
...
T˙
S, n
 =

m˙
S
c
S, 1
(T
S, in
− T
S, 1 : 2
) + 2q˙
S, 1
...
m˙
S
c
S, n
(T
S, n− 1 : n − TS, out) + 2q˙S, n
 (3.36)
[
m
W, cv
c
W
]
×

T˙
W, 1
...
T˙
W,n
 =

q˙
R, 1
− q˙
S, 1
...
q˙
R,n
− q˙
S, n
 (3.37)
Sub-matrixes of Equations 3.34 - 3.36 are presented below.
[Z1] =

Vcv
[(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
1
h
R, 1
− 1
]
Vcv
[(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
2
h
R, 2
− 1
]
...
Vcv
[(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
n−1
h
R,n− 1 − 1
]
Vcv
[(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
n
h
R,n
− 1
]

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[Z2] =

Vcv
(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
1
Vcv
(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
2
...
Vcv
(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
n−1
Vcv
(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
n

[Z3] =

Vcv
[(∣∣∣∣∂ρ∂h
∣∣∣∣
P
)
1
h
R, 1
+ ρ
R, 1
]
0 .. 0 0
0 Vcv
[(∣∣∣∣∂ρ∂h
∣∣∣∣
P
)
2
h
R, 2
+ ρ
R, 2
]
.. 0 0
... ... ... ... ...
0 0 ... Vcv
[(∣∣∣∣∂ρ∂h
∣∣∣∣
P
)
n−1
h
R,n− 1 + ρR,n− 1
]
0
0 0 ... 0 Vcv
[(∣∣∣∣∂ρ∂h
∣∣∣∣
P
)
n
h
R,n
+ ρ
R,n
]

[Z4] =

Vcv
(∣∣∣∣∂ρ∂h
∣∣∣∣
P
)
1
0 ... 0 0
0 Vcv
(∣∣∣∣∂ρ∂h
∣∣∣∣
P
)
2
... 0 0
... ... ... ... ...
0 0 ... Vcv
(∣∣∣∣∂ρ∂h
∣∣∣∣
P
)
n−1
0
0 0 ... 0 Vcv
(∣∣∣∣∂ρ∂h
∣∣∣∣
P
)
n

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[Z5] =

−h1:2 0 0 ... 0 0 0
h1:2 −h2:3 0 ... 0 0 0
0 h2:3 −h3:4 ... 0 0 0
... ... ... ... ... ... ...
0 0 0 ... hn-3:n-2 −hn-2:n-1 0
0 0 0 ... 0 hn-2:n-1 −hn-1:n
0 0 0 ... 0 0 hn-1:n

[Z6] =

−1 0 0 ... 0 0 0
1 −1 0 ... 0 0 0
0 1 −1 ... 0 0 0
... ... ... ... ... ... ...
0 0 0 ... 1 −1 0
0 0 0 ... 0 1 −1
0 0 0 ... 0 0 1

[Z7] =

h1:2 0 0 ... 0 0 0
−h1:2 h2:3 0 ... 0 0 0
0 −h2:3 h3:4 ... 0 0 0
... ... ... ... ... ... ...
0 0 0 ... −hn-3:n-2 hn-2:n-1 0
0 0 0 ... 0 −hn-2:n-1 hn-1:n
0 0 0 ... 0 0 −hn-1:n

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[Z8] =

1 0 0 ... 0 0 0
−1 1 0 ... 0 0 0
0 −1 1 ... 0 0 0
... ... ... ... ... ... ...
0 0 0 ... −1 1 0
0 0 0 ... 0 −1 1
0 0 0 ... 0 0 −1

[Z9] =

VcvρS, 1cS, 1 0 ... 0 0
0 VcvρS, 2cS, 2 ... 0 0
... ... ... ... ...
0 0 ... VcvρS, n− 1cS, n− 1 0
0 0 ... 0 VcvρS, ncS, n

Equations 3.34 - 3.37 present the equations for a N FCVs model. Now,
an example for the case in which three FCVs are taken will be presen-
ted.
3.3.2 Three FCVs example case
Equation 3.33 will now be extended to a three control volumes formu-
lation for both counter-ϐlow and parallel-ϐlow connections.
Figure 3.3 and Figure 3.4 show schematically the three control volume
counter-ϐlow and parallel-ϐlow PHEX, respectively. Equation 3.38 and
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Equation 3.39 show the refrigerant matrix equations for counter-ϐlow
and parallel-ϐlow PHEX, respectively. Equations 3.40 and 3.41 shows
the secondary ϐluid and intermediate plates energy matrix equation.
Figure 3.3: Three FCV counter-ϔlow PHEX model.
Figure 3.4: Three FCVs parallel-ϔlow PHEX model.
[
Z1 Z3 Z5
Z2 Z4 Z6
]
×

P˙
R
h˙
R, 1
h˙
R, 2
h˙
R, 3
m˙
R, 1 : 2
m˙
R, 2 : 3

=

−m˙
R, out
h
R, out
+ 2q˙
R, 1
2q˙
R, 2
m˙
R, in
h
R, in
+ 2q˙
R, 3
−m˙
R, out
0
m˙
R, in

(3.38)
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[
Z1 Z3 Z7
Z2 Z4 Z8
]
×

P˙
R
h˙
R, 1
h˙
R, 2
h˙
R, 3
m˙
R, 1 : 2
m˙
R, 2 : 3

=

m˙
R, in
h
R, in
+ 2q˙
R, 1
2q˙
R, 2
−m˙
R, out
h
R, out
+ 2q˙
R, 3
m˙
R, in
0
−m˙
R, out

(3.39)
[Z9]×

T˙
S, 1
T˙
S, 2
T˙
S, 3
 =

m˙
S
c
S, 1
(T
S, in
− T
S, 1 : 2
) + 2q˙
S, 1
m˙
S
c
S, 2
(T
S, 1 : 2
− T
S, 2 : 3
) + 2q˙
S, 2
m˙
S
c
S, 3
(T
S, 2 : 3
− T
S, out
) + 2q˙
S, 3
 (3.40)
[
m
W, cv
c
W
]
×

T˙
W, 1
T˙
W, 2
T˙
W, 3
 =

q˙
R, 1
− q˙
S, 1
q˙
R, 2
− q˙
S, 2
q˙
R, 3
− q˙
S, 3
 (3.41)
Sub-matrixes of Equations 3.38 - 3.40 are presented in Table 3.1.
Equations 3.38 - 3.41 present the equations for a three FCVsmodel, but
they can easily extended to an arbitrary number of control volumes to
achieve better accuracy in the results.
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Table 3.1: Sub-matrixes of Equations 3.38 - 3.40.
Z1

Vcv
[(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
1
h
R, 1
− 1
]
Vcv
[(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
2
h
R, 2
− 1
]
Vcv
[(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
3
h
R, 3
− 1
]

Z2

Vcv
(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
1
Vcv
(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
2
Vcv
(∣∣∣∣ ∂ρ∂P
∣∣∣∣
h
)
3

Z3

Vcv
[(∣∣∣∣∂ρ∂h
∣∣∣∣
P
)
1
h
R, 1
+ ρ
R, 1
]
0 0
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3.4 Model interface
During this section, the model ϐinal interface will be presented and
someexplanations about itwill be given. Each componentwill bepresen-
ted separately and then, the whole model together. For each compon-
ents, inlets and outlets will be explained. In Annex I, the model sub-
systems of each component are presented. Similarly, in Annex II, pro-
grammed S-functions for the implementation of PHEXs equations is
written down.
First of all, the explanation given in Section 3.3 about the needed in-
puts to solve the the equations of each component must be extended.
As said in Section 3.1, there are two kind of components: those which
regulate the refrigerant MFR and those which regulate the refrigerant
working pressures. These different blocks must be interspersed. For
instance, having aHEX, which is a block that regulates the pressure, the
anterior and posterior blocks must be those which regulate the MFR,
such as valves or compressors.
It is because in order to solve the equations of blocks that regulate
the refrigerant MFRs, it must be known the inlet and outlet refriger-
ant pressures. Similarly, to solve the equations of blocks that regulate
the refrigerant pressure, it must be known the inlet and outlet MFRs.
This will be clearly seen in the ϐigures of the present section.
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3.4.1 Compressor
In Figure 3.5 the block that simulates the behavior of a compressor can
be seen. It can be used either for a scroll compressor or a reciprocating
compressor since the equations presented in Section 3.2.1 generally
calculates the outlet refrigerant MFR, enthalpy and consumed power
in function of the inlet properties, cycle pressures.
Figure 3.5: Compressor model block.
Block inputs
• Flow in: This input is a three variables vector. The ϐirst of them
represents the inlet pressure in [kPa], the second one is the inlet
temperature in [◦C] and the last one represents the inlet enthalpy
in [kJ/kg]. This input port must be connected to ‘Flow out’ outlet
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port of the evaporator.
• Up-stream pressure: This input port is a single variable that
represents the outlet pressure in [kPa]. In a simple HP, it will be
the condensation pressure calculated in the condenser.
Block outputs
• Flow out: This output is a three variables vector. The ϐirst of
them represents the refrigerant outlet MFR in [kg/s], the second
one is the outlet temperature in [◦C] and the last one represents
the outlet enthalpy in [kJ/kg].
• ηise: It shows the calculated isentropic efϐiciency of the com-
pressor at each step time.
• ηvol: It shows the calculated volumetric efϐiciency of the com-
pressor at each step time.
• Work: It represents the power consumption of the compressor
in order to compress the refrigerant ϐluid in [kW].
3.4.2 Electronic Expansion Valve
The block to simulate the EEV is presented in Figure 3.6. It can be used
for any kind of EEV if the valve coefϐicient in function of the opening
degree is known.
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Figure 3.6: Compressor model block.
Block inputs
• Flow in: This input is a vector with the same three variables
presented in the compressor block. This input port must be con-
nected to ‘Flow out’ outlet port of the condenser.
• Up-stream pressure: This input port is a single variable that
represents the outlet pressure in [kPa]. In a simple HP, it will be
the evaporation pressure calculated in the evaporator.
• Valve opening: It is a single variable that represents the opening
degree of the EEV at each time step. It is a percentage between 0
and 100%.
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Block outputs
• Flow out: This output is a vector with the same three variables
presented in the compressor block.
3.4.3 Indoor Unit PHEX
In Figure 3.7 can be seen the block used to simulate the indoor unit
PHEX. As explained before, it can work indistinctly as a condenser and
as an evaporator. When the system is working in heating mode, this
blocks works as a condenser and as an evaporator during the cooling
mode.
Figure 3.7: Indoor Unit PHEX model block.
Block inputs
• Flow in: This input is a three variables vector. The ϐirst of them
represents the inlet refrigerant MFR in [kg/s], the second one is
the inlet temperature in [◦C] and the last one represents the inlet
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enthalpy in [kJ/kg]. This input port must be connected to ‘Flow
out’ outlet port of the compressorwhenworking inheatingmode
and to ‘Flow out’ of the EEV when working in cooling mode.
• Up-streamrefrigerantmass ϐlowrate: This inputport is a single
variable that represents the outlet refrigerant MFR in [kg/s].
• Secondary ϐluid inlet temperature: It is the inlet temperature
of the secondary ϐluid in [◦C].
• Secondary ϐluidmass ϐlow rate: It is the MFR of the secondary
ϐluid in [kg/s].
• Mode: It is a single variable port that deϐines the working mode
that will be simulated. The value must be 1 for heating mode or
0 for cooling mode. With this information, the PHEX block can
know if it is working as a condenser or as an evaporator.
Block outputs
• Flow out: This output is a three variables vector. The ϐirst of
themrepresents the refrigerant outlet pressure in [kPa], the second
one is the outlet temperature in [◦C] and the last one represents
the outlet enthalpy in [kJ/kg].
• Secondary ϐluid outlet temperature: It is the outlet temperat-
ure of the secondary ϐluid in [◦C].
• Vapor quality: It is a N variables vector that represents the va-
por quality of the refrigerant at each FCV of the PHEX.
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• Capacity: It is the heat transfer givenbetween ϐluids at each time
step expressed in [kW].
3.4.4 Outdoor Unit PHEX
In Figure 3.8 can be seen the block used to simulate the outdoor unit
PHEX. Similarly to the indoor unit, it can work indistinctly as a con-
denser and as an evaporator but in the opposite situations.
Figure 3.8: Outdoor Unit PHEX model block.
Block inputs
• Flow in: This input is a three variables vector with the same
variables that the indoor unit. This input port must be connec-
ted to ‘Flow out’ outlet port of the EEV when working in heating
mode and to ‘Flow out’ of the compressor whenworking in cool-
ing mode.
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• Up-streamrefrigerantmass ϐlowrate: This inputport is a single
variable that represents the outlet refrigerant MFR in [kg/s].
• Secondary ϐluid inlet temperature: It is the inlet temperature
of the secondary ϐluid in [◦C].
• Secondary ϐluidmass ϐlow rate: It is the MFR of the secondary
ϐluid in [kg/s].
• Mode: It is equal to the Mode input explained in the indoor unit
PHEX.
Block outputs
• Flow out: This output is a vector with the same three variables
presented in the indoor unit PHEX.
• Secondary ϐluid outlet temperature: It is the outlet temperat-
ure of the secondary ϐluid in [◦C].
• Vapor quality: It is a N variables vector that represents the va-
por quality of the refrigerant at each FCV of the PHEX.
• Capacity: It is the heat transfer givenbetween ϐluids at each time
step expressed in [kW]. As it is a model in which the losses to
environment are not taken into account, the sum of the capacity
calculated in the evaporator and the compressor work is equal
to the capacity calculated in the condenser.
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3.4.5 Model inputs
The inputs to the model that are needed to carry out a simulation will
be explained. It can be used a constant block for all the simulation or a
‘FromWorkspace’ block in order to read aMatlab timeseries. The latter
allows to vary input values with the periodicity that the user wants.
− IU secondary ϔluid inlet temperature: Is the inlet temperature of the
secondary ϐluid to indoor unit expressed in [◦C].
− IU secondary ϔluid mass ϔlow rate: Is the MFR of the secondary ϐluid
to indoor unit expressed in [kg/s].
− OU secondary ϔluid inlet temperature: Is the inlet temperature of the
secondary ϐluid to outdoor unit expressed in [◦C].
− OU secondary ϔluid mass ϔlow rate: Is the MFR of the secondary ϐluid
to outdoor unit expressed in [kg/s].
− Valve opening: It represents the current valve opening degree of the
EEV.
− Workingmode: It is the currentworkingmode thatwanted to be sim-
ulated. It must be manually set before start the simulation.
In the next section theywill be seen the inputs located in it correspond-
ent place.
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3.4.6 Model interface example
Now, an example of the interface of the whole model will be presen-
ted. In Figure 3.9, the model to carry out a heating mode simulation is
presented. On the other hand, in Figure 3.10 the interface for cooling
mode simulations can be seen.
Figure 3.9: Simulation model interface during the heating mode conϔiguration.
Dark green boxes are the up-stream MFR or pressure needed for the
calculation of the correspondent blocks. Light blue boxes are the sec-
ondary ϐluids inputs to the model presented in the Section 3.4.5 and
orange boxes the current working mode of the system.
As can be seen, the only difference between both models is the direc-
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Figure 3.10: Simulation model interface during the cooling mode conϔiguration.
tion of the refrigerant. While in the heating mode the refrigerant ϐluid
goes from the compressor to the indoor unit, then to the EEV, then to
the outdoor unit and ϐinally goes back to the compressor, in the cool-
ing mode it goes from the compressor to the outdoor unit, EEV, indoor
unit and back to the compressor.
3.5 Model complementary information
The equations presented during the previous sections model the dy-
namic behavior of the system. They will be the same for any liquid-to-
liquidHP thatwanted to be simulated. Nevertheless, there is some spe-
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ciϐic complementary information that must to be added to the model
in order to simulate the required speciϐic system.
All this information is added to themodel bymeans of themasks of the
correspondent component presented in Section 3.4.
Number of ϐinite control volumes: Inside the mask of the inter-
face of HEXs it must be deϐined the number of FCV in which the PHEX
wanted to be divided. It can be a different number for each PHEX. The
accuracy of the model will increase with a higher number of FCV but
also the computational time will increase. A study of the appropriate
number of FCV is presented in Sections 4.5 and 5.3. In Figure 3.11 can
be seen an example of the properties mask of the PHEX model block,
where the FCV parameter is highlighted in red.
Figure 3.11: Example of a PHEX block mask.
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Fluids and ϐluids properties: The refrigerant ϐluid that want to be
simulated have to be deϐined in the mask of each component as can be
seen highlighted in green in Figure 3.11. Additionally, in the PHEX the
secondary ϐluid must be deϐined.
Moreover, previously to the simulation, tables of ϐluids propertiesmust
be deϐined. They can be one or two dimensions tables depending on
the ϐluid and properties. The dimension of the table depends on the
property that if ϐinding. For instance, the enthalpy of the refrigerant
ϐluid in the super-heated area needs a two dimensions table. However,
to obtain the speciϐic heat of the water is enough accurate with a one
dimension table in function of the temperature.
Fluid tableswere obtained bymeans of the open source software Cool-
Prop [152]. Nevertheless, they can be obtained with other methods
such as RefProp [153], EES [154] or the Equations of the State of the
ϐluids [155]. Once the tables are obtained, they must to be saved to-
gether in a .mat ϐile. The name of the ϐile is which must be written in
themask of the components. During the initialization of the simulation
the tables will be charged.
Initial systemworking mode: The initial working mode of the sys-
tem with which the simulation will start must be deϐined. It can be
heating or cooling as can be seen in light blue in Figure 3.11.
Initial PHEXports connections: The initial ports connections of the
PHEX must be deϐined. During the simulation, if the working mode
switches, the connection of the portswill also be switched by reversing
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the ϐlow of the refrigerant ϐluid. It can be counter-ϐlow or parallel-ϐlow
connections as presented in dark blue in Figure 3.11.
Initial boundary conditions: The boundary conditions for the ini-
tialization of the simulation must to be deϐined in the heat exchanger
blocks. In Figure 3.11 is remarked in brown. The initial conditions of
the fast-dynamics components such as compressor and EEV are not
needed to be deϐined.
Indistinctly if it is simulating heating or cooling modes, in each PHEX,
it must be deϐined initial conditions for both working modes. Then,
during the initialization, depending on the working mode of the sys-
tem, ones or the others will be taken. Moreover, if user wants, a ϐig-
ure where the temperatures distribution inside PHEXs is seen can be
shown during the initialization. To do it, the box that is highlighted in
gray in Figure 3.11 must be checked. An example of the generated ϐig-
ures can be seen in Figure 3.12. Needed initial boundary conditions for
each PHEX are presented in Table 3.2.
(a) (b)
Figure 3.12: Examples of the generated ϔigures during the initialization. Counter-ϔlow
condenser (a) and counter-ϔlow evaporator (b).
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Table 3.2: Initial boundary conditions for each PHEX.
Refrigerant mass ϐlow rate [kg/s]
Refrigerant condensation pressure [kPa]
Refrigerant evaporation pressure [kPa]
Refrigerant inlet enthalpy (as condenser) [kJ/kg]
Refrigerant inlet enthalpy (as evaporator) [kJ/kg]
Refrigerant sub-cooling (as condenser) [K]
Refrigerant super-heating (as evaporator) [K]
Secondary ϐluid mass ϐlow rate [kg/s]
Secondary ϐluid inlet temperature (as condenser) [◦C]
Secondary ϐluid inlet temperature (as evaporator) [◦C]
Components dimensions and properties: Utilized components di-
mensions must be deϐined. In Table 3.3 the needed dimensions are
summarized. Additionally, the speciϐic heat of theheat exchangerplates
must be deϐined. All this can be changed in the mask of the corres-
pondent component. For instance, in the PHEX is changed in the tabs
highlighted in orange in Figure 3.11.
Heat transfer coefϐicients: Inside the PHEX the HTC are calculated
for each ϐluid in each FCV in each time step. ThisHTCdepends between
others in the utilized ϐluids, actual thermal and physical properties of
the ϐluids and geometrical properties of the HEX.
HTC is calculated with Equation 3.42.
α = Nu
k
Dh
(3.42)
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Table 3.3: Needed physical dimensions of HP components.
PHEXs
Number of plates
Plates length [m]
Distance between plates [m]
Plates height [m]
Hydraulic diameter [m]
Effective surface parameter
Plates mass [kg]
Chevron angle [rad]
Compressor Volumetric displacement [m3/h]
Where Nusselt number (Nu) is obtained bymeans of empirical correl-
ations that can be found along the literature. There exist some general
Nusselt number correlations that canbeutilized fordifferent ϐluids and
HEX geometries [156, 157]. Nevertheless, if the accuracy of the simu-
lation wanted to be increased, it is recommended to use more speciϐic
correlations in accordancewith theused ϐluid andHEX. For instance, to
calculate the HTC of R410A during its evaporation inside brazed plates
heat exchangers, it is preferable to use the correlationproposedbyHan
et al. [158].
Compressor efϐiciencies: The efϐiciencies of the compressor must
be deϐined according to the utilized compressor. As brieϐly explained
in Section3.2.1, both isentropic efϐiciency andvolumetric efϐiciency are
utilized. The irreversibilities inside the compressor aremeasuredwith
the isentropic efϐiciency and the frictional and mechanical losses with
the volumetric efϐiciency.
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For the simulation, this efϐiciencies can be deϐined in different ways
depending on the information the user has. It can be deϐined as a cor-
relation in function of the pressures ratio (or other parameter), a n-
dimensional table or even a constant. It will directly affect results ac-
curacy when calculating compressor consumption or refrigerant out-
let properties.
Valve coefϐicient: In order to deϐine the valve coefϐicient it can be
utilized a correlation, a constant or a table. It depends on the informa-
tion the user has.
Refrigerant mass ϐlow distributor: As described in Section 3.2.4,
in the developed model it is assumed that the refrigerant ϐlow is uni-
formly distributed in the different channels of the PHEX. Neverthe-
less, it does not happen. When a single-phase ϐluid goes into a PHEX,
it is generally uniformly distributed along PHEX channels. However,
a two-phase ϐluid is not uniformly distributed and the maldistribution
phenomenon is commonly given [159]. This occurs in the inlet of the
evaporator since the refrigerant ϐluid goes out from the EEV as a two-
phase ϐluid.
This phenomenon can be minimized by placing a distributor in the in-
let of the evaporator [160, 161]. However, the distributor causes im-
portant pressure drops in the refrigerant ϐluid. This pressure drops
are taken into account in the EEV model. The expansion occurred in
the distributor is assumed to be isenthalpic.
In the EEV model block mask, a pressure increment can be set, which
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is added to the low pressure calculated in the evaporator. Therefore, a
intermediate pressure level is generated in the model. The EEV model
block expands the refrigerant ϐluid from the high pressure level to the
generated intermediate pressure level. A graphic explanation can be
seen in Figure 3.13.
Figure 3.13: Graphic explanation of the intermediate pressure and distributor pressure
drop.
Correction factors: As commented before, the calculation of HTC is
based on empirical correlations. Some of them are speciϐics for one
ϐluid and others are more general and can be used with different ϐlu-
ids. However, HTC empirical correlations usually have implied a high
degree of uncertainty.
Therefore, correction factorshavebeen implemented in themodel. They
are applied directly to the HTCs increasing or decreasing the value cal-
culated with the correlations. It affects to the heat transfer between
ϐluids, causing the modiϐication of the operation conditions of the sys-
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tem.
There have been implemented four correction factors. One for each
calculated HTC: refrigerant ϐluid in the indoor unit, secondary ϐluid
in the indoor unit, refrigerant ϐluid in the outdoor unit and second-
ary ϐluid in the outdoor unit. For instance, in Figure 3.14 can be seen
the mask of the indoor unit PHEX, where the correction factors can be
modiϐied.
The use of these correction factors is optional and depends on the user.
It is important to remark that in the results presented in all this docu-
ment there have not been used any correction factor.
Figure 3.14: Example of a PHEX block mask with the correction factors.
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Chapter 4
MICRO-SCALE SIMULATIONS
During this chapter, the model developed in the Chapter
3 will be used to simulate fast transient-states. Firstly,
the experimental tests will be described, focusing in the
used heat pump system, the developed methodology to
force the required transient-states and the taken meas-
urements. Then, the model will be validated under three
different situations: heatingworkingmode, coolingwork-
ing mode and an start-up of the system. Finally, the use-
fulness of the model to simulate working mode switches
from the cooling to the heating working mode and vice-
versa will be proved.
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4.1 Introduction
Once thedynamicmodel to simulate thebehavior of liquid-to-liquidHP
systems have been developed, implemented and presented, it must be
validated comparing the simulation results with experimental data. In
this chapter, itwill be validated inmicro-scale, focusing in fast transient-
states such as changes in the operation conditions and start-ups situ-
ations.
Laboratory experimental testswere carried out using a liquid-to-liquid
HP system connected to a climatic chamber, which emulates both the
heat sources and sinks. The used system is a commercial reversible
HP of 5kW of nominal heating capacity. It is compound of two PHEX,
one scroll compressor, one EEV and one 4WV. During this chapter, the
system, its components and made measurements will be described in
detail.
It also will be presented the procedure to carry out the experimental
tests, describing the different working conditions of the system, how
it have been forced the transient situations and the steps followed to
develop each test.
Regarding the comparison of the model with the experimental data,
ϐirstly it will be speciϐied the additional information that must be ad-
ded to the model in relation with the actual HP system, such as used
HTC correlations, valve coefϐicient or compressor efϐiciencies. Then,
it will be compared test data with model simulation results under the
heating and the cooling working modes separately. Additionally, a sys-
tem start-up situation will be validated. The heating and cooling valid-
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ations will be given against transient situations that have been forced
manually in the test bench. On the contrary, the start-up situation has
been tested using the control loop of the system.
Finally, a switchingmode simulationwill bepresented inorder toprove
the validity of the model to simulate the behavior of the system when
switching the working mode from the heating to the cooling or vice-
versa. It will be explained which have been the changes that had to
be made in the model to simulate working mode switches and which
are the imposed simulation conditions. Results and a discussion about
them will be presented.
To conclude, some comments and conclusions will be drawn.
4.2 Test facility
The test bed is compound by a reversible liquid-to-liquid HP coupled
with a climatic chamber. The whole system emulates the behavior of
a ground or water source HP facility. The climatic chamber simulates
the returning temperatures of secondary ϐluids to the condenser and
evaporator. Photography of the used HP system can be seen in Figure
4.1.
The HP is a 5 kW commercial liquid-to-liquid reversible HP. It is com-
poundof one ϐixed speedanddisplacement scroll compressor, oneEEV,
one 4WV and two refrigerant-to-liquid PHEX. In Figure 4.2 a 3D image
of the HP and the used mentioned components can be seen.
There are three independent ϐluids loops. One primary loop and two
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Figure 4.1: Photography of the heat pump system.
Figure 4.2: 3D image of the heat pump system.
secondary loops. The working ϐluid of the primary loop is the R410A
commercial refrigerant ϐluid. It circulates through all the components
of the HP. The secondary loops are connected to the PHEXs of the sys-
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tem. The ϐluids that circulate through secondary loops are Water in
one of them and a mixture of 44% Ethylene-Glycol and 56% Water
(brine) in the other. Brine is a commonly used ϐluid in underground
boreholes due to the very low freezing temperature. Heat transfer is
given between primary and secondary loops inside the PHEX.
Presented system has two working modes. One is the heating mode
where thewater is heated and the other one is the coolingmode, where
the water is cooled down. During winter seasons, HP works in heating
mode, heating thewater to be used in space heating. Differently, during
summer seasons, HP operates in cooling mode to produce cold water
that is used mainly for space cooling.
The different components, ϐluids loops, measurements points and dir-
ection of the refrigerant ϐluid during bothworkingmodes of the system
are depicted in Figure 4.3
The used compressor is a commercial ϐixed speed and displacement
scroll compressor that receives the refrigerant ϐluid in the gas-phase at
low pressure and temperature and compresses it increasing the pres-
sure and, therefore, the temperature. Some technical speciϐications of
the scroll compressor can be seen in Table 4.1.
The EEV receives the refrigerant either in liquid-phase or in two-phase
at high pressure and expands it decreasing the pressure and temper-
ature. Technical speciϐications of used EEV can be seen in Table 4.2.
Regardingplatesheat exchangers, since theHP is reversible, bothPHEX
work indistinctly as a condenser and as an evaporator depending on
the working mode of the system. PHEXs work always with the same
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Figure 4.3: Scheme of the heat pump system.
Table 4.1: Speciϔications of the used scroll compressor.
Electric connection 220/240V 1 50Hz
Nominal heating capacity (kW) 5.0
Displacement (cm3/rev) 19.34
Tevap = −1◦C , SH = 4◦C , Tcond = 55◦C , SC = 3◦C ,
Heating power (kW) 6.2
Absorbed power (kW) 2.03
COP 3.06
Refrigerant mass ϐlow rate (g/s) 23.6
secondary ϐluid regardless of theworkingmode. Fordifferentiate them,
the PHEX that is connected to the brine loop is the outdoor unit and the
PHEX connected to the water loop is the indoor unit. Physical speciϐic-
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Table 4.2: Speciϔications of the used electronic expansion valve.
Maximumworking pressure (kPa) 4700
Maximumworking temperature (C) 70
Minimumworking temperature (C) -30
Operation range (pulses) 0 - 480
Tevap = 5
◦C , SH = 0◦C , Tcond = 38◦C , SC = 0◦C ,
Nominal capacity (kW) 6.8
ations of both PHEX are presented in Table 4.3.
Table 4.3: Speciϔications of the used plate heat exchangers.
Indoor Unit Outdoor Unit
Plates number 26 30
Dimensions (cm) 50 x 10 x 6.2 50 x 10 x 7.1
Chevron angle (rad) pi/4 pi/4
Primary ϐluid R410A R410A
Secondary ϐluid Water Brine
Total mass (kg) 6.35 7.01
Plates material Stainless steel Stainless steel
The four ways valve is the component that allows the reversibility of
the system. Depending on the working mode of the system, the inlets
and outlets ports are internally connected in different ways. In Fig-
ure 4.4 the connections of the ports and the refrigerant ϐluid direction
in the 4WV for both the heating and the cooling working modes are
presented.
During the heating mode, the refrigerant that leaves the compressor
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(a) (b)
Figure 4.4: Ports connections and refrigerant ϔluid direction in the 4WV during the heat-
ing (a) and the cooling (b) modes.
goes into the indoor unit through the 4WV. The indoor unit works as a
condenser, so thewater increases its temperaturewhile the refrigerant
is condensing. Once the refrigerant leaves the indoor unit, it is directed
to the EEV and then to the outdoor unit, whichworks as an evaporator.
The brine of the outdoor unit heats the refrigerant and evaporates it,
and therefore, the brine temperature decreases. Finally, the refrigerant
goes back to the compressor through the 4WV.
When 4WV switches, the system starts working in the cooling mode.
The refrigerant reverses its direction, going from the compressor to
the outdoor unit through the 4WV. Now, the outdoor unit works as a
condenser, so the refrigerant is condensed while the brine is heated.
Then it goes to the EEV and the indoor unit, which works as an evap-
orator, cooling down the temperature of the water. The cycle is closed
when the refrigerant reaches the compressor through the 4WV.
When the working mode changes, the direction of the refrigerant also
changes, while the direction of the secondary ϐluids does not change.
Because of this, the interaction between the refrigerant and the sec-
ondary ϐluid changes from counter-ϐlow to parallel-ϐlow or vice versa.
It is widely known that a counter-ϐlow connection has a better heat
transfer performance than a parallel-ϐlow connection [162, 163]. In
the actual system, as theHPwasoptimized towork in theheatingmode,
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both indoor and outdoor units are connected as counter-ϐlow heat ex-
changers when the working mode is heating. In cooling mode, both of
them are connected in parallel-ϐlow.
Inorder tounderstandbetter thedirectionof the ϐluids inside thePHEX,
Figure 4.5 shows the indoor PHEX connected in counter-ϐlow (a) and
parallel-ϐlow (b). Similarly, the outdoor PHEX in counter-ϐlow (a) and
parallel-ϐlow (b) is presented in Figure 4.6. In both PHEX, ports F1
and F2 are the inlet/outlet ports that corresponds to refrigerant ϐluid.
Ports F3 and F4 correspond to the inlet and outlet ports of secondary
ϐluid, respectively. The connections of the PHEX ports with the rest of
the components of the system can be seen in Table 4.4.
(a) (b)
Figure 4.5: Counter-ϔlow (a) and parallel-ϔlow (b) connection ports of the indoor PHEX.
On the other hand, in order to decrease the refrigerant ϐluid mass ϐlow
maldistribution phenomenon described in the Section 3.5, amass ϐlow
distributor is used. As the system was optimized for working in the
heating mode, the distributor is located in the port F2 of the outdoor
unit, whichworks as an evaporator during the heatingmode. A second
distributor couldbeplaced in theport F2of the indoorunit for the cool-
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(a) (b)
Figure 4.6: Counter-ϔlow (a) and parallel-ϔlow (b) connection ports of the outdoor PHEX.
Table 4.4: Connections of PHEX ports.
Refrigerant ϐluid Secondary ϐluid
Port F1 Port F2 Port F3 Port F4
Cooling mode
(parallel-ϔlow)
Indoor Unit Outlet to compressor Inlet from EEV Water inlet Water outlet
Outdoor Unit Inlet from compressor Outlet to EEV Brine inlet Brine outlet
Heating mode
(counter-ϔlow)
Indoor Unit Inlet from compressor Outlet to EEV Water inlet Water outlet
Outdoor Unit Outlet to compressor Inlet from EEV Brine inlet Brine outlet
ing mode. However, it is not recommendable to use two distributors
because it would generate important pressure drops in the working
mode that wanted to be optimized.
The climatic chamber closes the secondary ϐluid loops cooling down
or heating secondary ϐluids. Regarding water loop, climatic chamber
emulates the radiators or cooling systems. During the heating mode,
when the water goes out from the indoor unit PHEX, it is cooled down
before going back to the indoor unit. On the contrary, during the cool-
ing working mode, the water is heated before going back to the indoor
unit.
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Regarding the brine loop, the climatic chamber also emulates subsoil
boreholes or outdoor water reservoirs. During the heating working
mode, brine needs to be heated before returning to the outdoor unit.
Instead, in the cooling mode brine is cooled down.
Table 4.5 presents the speciϐications of the devices used tomeasure the
ϐluids temperatures, refrigerant pressures and secondary ϐluids MFRs.
Figure 4.3 shows their locations. Each measurement has a different
purpose.
Table 4.5: Speciϔications of the utilized sensors.
Measurement Type Uncertainity
Refrigerant temperature NTC Thermistor Sensor ±3%
Refrigerant pressure Pressure sensor 0 – 4600 bar ±0.8%
Secondary ϐluids temperature Pt 100 resistance measurers ±0.1K
Secondary ϐluids mass ϐlow rate Flow meter 9 – 150 l/min ±1− 2%
Secondary ϐluid sensors, both temperatures and MFR ones, were not
located speciϐically for this tests, they are ϐixed sensors incorporated
in the climatic chamber. Therefore, the accuracy of the obtained data
is high. Because of that, inlet temperatures and MFR will be used as
inputs to the model and outlet temperatures will be used to validate
the model.
Pressure sensors were located at the inlet and outlet pipes of the com-
pressor, pricking the pipe. This data will also be used for the model
validations.
On the other hand, the temperature sensors used to measure the re-
frigerant ϐluid temperatures were located in the external part of the
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refrigerant pipes, between the pipe and the insulation. Since the re-
frigerant ϐluid is a two-phase ϐluid and the temperature of the pipe is
not the same in the part of the pipe where is the liquid part or the gas
part of the ϐluid, this measurements were only used to ϐigure out the
conditions of the refrigerant cycle.
Finally, it also were measured the opening degree of the EEV and the
power consumption of the system. The opening degree is taken dir-
ectly from the control system of the HP and the power consumption is
measured with a power meter.
Since the goal of this tests is to validate themodel under transient situ-
ations and not to analyze the performance of the system, the power
consumption of the systemwill not be used. The opening degree of the
EEV will be used as an input to the model.
In table 4.6 is summarized the purpose of each measurement.
Table 4.6: Purposes of the taken measurements.
Measurement Application
Refrigerant temperature Figure out thermodynamic cycle
Refrigerant pressure Model validation
Inlet secondary ϐluids temperature Input to the model
Outlet secondary ϐluids temperature Model validation
Secondary ϐluids mass ϐlow rate Input to the model
Opening degree of the EEV Input to the model
Power consumption -
The tests facility is regulated by a main control loop conditioned by
two subordinated control loops. On the one hand, since it is using a
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ϐixed speed and displacement compressor, the refrigerant MFR is reg-
ulated by the EEV opening degree, which is controlled as a function of
the refrigerant reheating at the compressor inlet port.
On the other hand, the climatic chamber regulates the secondary ϐluids
inlet temperatures andMFR. When the set-point of one secondary ϐluid
changes, ϐirstly secondary ϐluidMFR ismodiϐied due to, unlikewith the
inlet temperature, it can bemodiϐied almost instantly. Therefore, since
the MFR changes, the outlet temperature also changes. Then, as the
inlet temperature goes changing, the mass ϐlow rate recovers its initial
value.
Later in this chapter it will be seen how the control systems affect dif-
ferently to the system working conditions.
4.3 Tests procedure
In order to gather all possible operation conditions, different tests have
been carried out. The aim of these tests is to force the system into sud-
den changes of the operation conditions.
Taking into account that the compressor is a ϐixed speed compressor,
the different operation conditions of the system are limited to the op-
eration conditions of the PHEX. Depending on the outlet ϐluid-phase of
the refrigerant ϐluid, two working conditions have been differentiated
in the condenser and another two in the evaporator. Additionally, it
has been varied the set-point temperature of the secondary ϐluids.
In the aggregated, it has been carried out 14 tests under differentwork-
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ing conditions. The methodology to develop each test has been the
same and it will be described later in this section. Firstly, the opera-
tion conditions of each test will be presented.
4.3.1 Tests operation conditions
Tests conditions have been differentiated into twoblocks. The ϐirst one
regarding to the refrigerant conditions taking into account the refriger-
ant ϐluid outlet phases. The second one affects secondary ϐluids tem-
perature conditions.
Refrigerant working conditions
Concerning refrigerant ϐluid working conditions, four situations have
been taken into account. For a better understanding, regardless of the
working mode of the system is heating or cooling, it will be differenti-
ated between condenser and evaporator, not between indoor and out-
door PHEX. Additionally, it does not matter if the PHEX are in parallel-
or counter-ϐlow connections.
Regarding the condenser, twodifferentworking conditions canbegiven
depending on the outlet refrigerant ϐluid conditions. In both of them, it
is assumed that the ϐluid goes into the condenser from the compressor
as super-heated gas. The ϐirst working condition that can be found is
when the condensing process is completely fulϐilled and the refrigerant
ϐluid goes out the condenser as a sub-cooled liquid with a certain de-
gree of sub-cooling. This is the most common working condition dur-
ing the normal operation of the system. Nevertheless, during starts-
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up or under uncommon external conditions, it can be given that the
refrigerant ϐluid does not completely condensate and goes out from
the compressor as a two-phase ϐluid. Both condenser situations can
be seen in Figure 4.7.
(a)
(b)
Figure 4.7: Refrigerant working conditions in the condenser. Three zones (a) and two
zones (b) condenser.
Concerning the evaporator, another two different operation conditions
can be differentiated. Although the most given situation is when refri-
gerant ϐluid goes out from evaporator as super-heated gas, it also can
be found situations in which it goes out as a two-phase ϐluid. In Figure
4.8, both operation conditions schematically are presented. In both
cases, it is assumed that after the expansion of the refrigerant ϐluid in
the EEV, the refrigerant is a two-phase ϐluid.
A summary of the refrigerant tests conditions with the chosen nomen-
clature for this operation conditions can be seen in Table 4.7.
CHAPTER 4. MICRO-SCALE SIMULATIONS 125
ENEDI Research Group
(a)
(b)
Figure 4.8: Refrigerant working conditions in the evaporator. Two zones (a) and one
zone (b) evaporator.
Table 4.7: Tests conditions and nomenclature regarding refrigerant conditions inside the
PHEX.
Test condition Nomenclature
Three zones condenser C1
Two zones condenser C2
Two zones evaporator E1
One zone evaporator E2
Secondary ϐluids working conditions
Now, the difference between each test is the set-point temperature of
one of the secondary ϐluids. It is differentiated between the heating
and the cooling working modes and between water and brine ϐluids.
In each test, a previously decided step is given in the outlet of one of
the secondary ϐluids temperatures. That step is given by changing the
set-point temperature of the corresponding secondary ϐluid. The wa-
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ter set-point temperature is referred to the temperature at the outlet of
the PHEX. However, the brine set-point temperature is the inlet tem-
perature.
All the initial and ϐinal set-point temperatures for each test are collec-
ted in Table 4.8. The highlighted cells indicate the secondary ϐluid in
which the temperature change is applied. The nomenclature for this
conditions block is also presented. As can be seen, ϐive types of tests
are carried out in the heatingmode and two types of tests in the cooling
mode.
Table 4.8: Tests conditions and nomenclature regarding secondary ϔluids conditions.
Working
mode Nomenclature
Affected
secondary
ϐluid
Set-point temperature
Brine inlet (1) Water conditions (1) Conditions (2)
Heating
A Water 0 ◦C 40 ◦C 35 ◦C
B Water 7 ◦C 50 ◦C 40 ◦C
C Water -5 ◦C 35 ◦C 30 ◦C
D Brine 0 ◦C 35 ◦C 5 ◦C
E Brine 5 ◦C 45 ◦C 15 ◦C
Cooling
G Brine 35 ◦C 8 ◦C 30 ◦C
H Water 30 ◦C 12 ◦C 8 ◦C
Tests summary
To sum up, in the heating mode, ten tests have been carried out. Six of
them with a operation conditions step-change in the condenser (in-
door unit) and four of them with the step-change in the evaporator
(outdoor unit). On the other hand, in the cooling mode, two tests have
been developed with a step-change in the condenser (outdoor unit)
and another two with a step-change in the evaporator (indoor unit).
CHAPTER 4. MICRO-SCALE SIMULATIONS 127
ENEDI Research Group
The summary of developed tests can be seen tabulated in Table 4.9
Table 4.9: Summary of developed tests.
Working mode Affected PHEX Affected ϐluid Refrigerant conditions Nomenclature
Heating
Condenser
(Indoor Unit) Water
Three zones A-C1
Two zones A-C2
Three zones B-C1
Two zones B-C2
Three zones C-C1
Two zones C-C2
Evaporator
(Outdoor Unit) Brine
Two zones D-E1
One zone D-E2
Two zones E-E1
One zone E-E2
Cooling
Condenser
(Outdoor Unit) Brine
Three zones G-C1
Two zones G-C2
Evaporator
(Indoor Unit) Water
Two zones H-E1
One zone H-E2
4.3.2 Test methodology
Each presented test is compound of eight dynamic situations in which
different dynamic situations are recorded. The recorded data for each
situations is saved in a different ϐile for its later data treatment and
use. In Table 4.10 the dynamic situations that compound each test are
presented. As can be seen, ϐirstly the control of the system regulates
the EEV position. Once the EEV position for each operation condition
is known, the rests of the test are carriedoutwith the control of theEEV
switched off and regulating the EEV manually. In Figure 4.9 is presen-
ted the ϐlowchart of the steps that were followed to carry out each test.
Each test starts switching on the HP and ϐixing the secondary ϐluids
set-point temperature (1). The control loop of the system regulates
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Figure 4.9: Flowchart of the steps followed to carry out each test.
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Table 4.10: Data ϔiles for each dynamic situation.
Situations Dynamic simulation
Situation 1 Start from equilibrium condition until reach set-pointtemperature (1) with the control of the system.
Situation 2 From set-point temperature (1) to set-point temper-ature (2) with the control of the system.
Situation 3 From set-point temperature (2) to set-point temper-ature (1) changing manually the EEV position.
Situation 4 From set-point temperature (1) to set-point temper-ature (2) changing manually the EEV position.
Situation 5
In operation conditions (2), increase manually the
opening degree of the EEV in +20% to augment the re-
frigerant MFR.
Situation 6
In operation conditions (2), decrease manually the
opening degree of the EEV position in -20% to reduce
the refrigerant MFR.
Situation 7 In operation conditions (2), increase the secondaryϐluid MFR in +20%.
Situation 8 In operation conditions (2), reduce the secondaryϐluid MFR in -20%.
the opening degree of the EEV until reaching the steady-state for the
operation conditions (1). The ϐirst data ϐile is generated and the cur-
rent positions of the EEV (1) is written down.
From the steady-state of conditions (1), the set-point temperature of
the correspondent secondary ϐluid for that test is changed to the set-
point temperature (2). When the steady-state of the operation condi-
tions (2) is reached, the second data ϐile is saved and the current posi-
tion of the EEV (2) is written down.
Now, the EEV positions for both operation conditions are known so the
130 CHAPTER 4. MICRO-SCALE SIMULATIONS
University of the Basque Country
EEV control system is switched off in order to move the EEV positions
manually during the rest of the test.
The third ϐile is generated starting in the operation conditions (2) and
ϐinishing in operation conditions (1) moving manually the EEV posi-
tion. Equally, the fourth ϐile saves the transient from conditions (1) to
conditions (2) moving manually the EEV position.
Starting in the operation conditions (2), ϐifth and sixth data ϐiles are
gotten by increasing or decreasing 20% the opening degree of the EEV.
It produces an augmentation or reduction of the refrigerant MFR pro-
ducing a transient-state.
Finally, the last two transients are reachedbymaintaining the set-point
temperature (2) and EEV position (2) ϐixed and increasing or decreas-
ing 20% the MFR of the corresponding secondary ϐluid. After that, the
HP is turned off and the test is ϐinished.
4.4 Test results
During this section, taking as reference the test B-C1, test results will
be presented.
As explained previously, different transient-states were forced, divid-
ing each test in eight transient situations.
On the other hand, it has been presented the measurement equipment
and told that the pressures and secondary ϐluids temperatures will be
the data that will be used to validate the model. Refrigerant temperat-
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ures at different points of the circuit will only be used to get an idea of
the refrigerant ϐluid working conditions.
The duration of the different situations are not equal since it depends
on the time requested by the system to reach the stationary state after
the transient forced state. For instance, situations 7 is shorter than
situation 3 since the forced transient state is less aggressive. In the
following ϐigures, each dynamic situation is separated by dashed lines
and enumerated in correspondence with Table 4.10.
In Figure 4.10 the EEV opening degree during B-C1 test is presented.
In situations 1 and 2 it can be appreciated that the system regulates
gradually the valve opening by means of the control of the system. In
the situations 3-6 the control is switched off and the EEV is regulated
manually to the required opening degree for each operation condition.
In the situations7and8, theopeningdegreeof theEEVdoesnot change.
Figure 4.10: Opening degree of the EEV during the different situations of the test B-C1.
In Figure 4.11 the condensation and evaporation pressures are presen-
ted.
InFigure4.12 the inlet andoutlet temperaturesof thewater arepresen-
ted. During this test the system is working in the heating working
132 CHAPTER 4. MICRO-SCALE SIMULATIONS
University of the Basque Country
Figure 4.11: Condensation and evaporation pressures during the different situations of
the test B-C1.
mode, so the indoor PHEX works as a condenser. Similarly, In Figure
4.13 the inlet and outlet temperatures of the brine are presented. The
outdoor PHEX works as an evaporator.
Figure 4.12: Water temperatures in the inlet and outlet ports of the indoor PHEX (con-
denser) during the different situations of the test B-C1.
Figure 4.13: Water temperatures in the inlet and outlet ports of the outlet PHEX (evap-
orator) during the different situations of the test B-C1.
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From Figures 4.11, 4.12 and 4.13 can also appreciate how the temper-
atures of the system are initially in thermal equilibrium with the am-
bient and how the pressures of the refrigerant in the condenser and
evaporator are equalized.
As advanced in the ϐinal part of Section 4.2, the effect in the operation
conditions of the system is differently affected by the two control loops.
For instance, lets take situations 3, 5 and 7 of Figures 4.10 - 4.13. In
situation 3, where both EEV opening degree and secondary ϐluids con-
ditions change, the working conditions change. However, in situation
5, the opening degree changes but the secondary ϐluid conditions re-
main constant. It results in almost null variation in the system work-
ing conditions. In situation 7, the opposite happens, opening degree
remains constant and theMFRs of one secondary ϐluid changes. In this
case, the system working conditions are slightly modiϐied.
Therefore, if the opening degree of the EEV is modiϐied within a mod-
erate percentage from its corresponding degree but the rest of the reg-
ulation conditions remain constant, the systemworking conditions are
hardly affected. However, it must be said that the control loop that reg-
ulated the opening degree of the EEV is essential for an optimized sys-
tem, affectingmainly the refrigerant sub-cooling, reheating and system
performance [164–166].
Now, someresults regarding the refrigerant temperatureswill bepresen-
ted. It has been chosen the situation 4 of the test B-C1. Nevertheless,
before showing measurement results, some comments must be given.
As explained before, this HP was initially optimized to work in heating
mode. Therefore, when the system is working on heating mode, both
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the indoor and outdoor PHEX are connected in counter-ϐlow. During
the test B-C1 the system works in heating mode.
On theotherhand, the temperatures correct distribution inside a counter-
ϐlowcondenser andevaporator are shownschematically inFigure4.14.
As can be seen, regarding the evaporator, at anymoment, the brine out-
let temperaturemust be higher than refrigerant inlet temperature and
brine inlet temperaturemust be higher than refrigerant outlet temper-
ature. Similarly, during the condensation, water outlet temperature
must be lower than refrigerant inlet temperature and water inlet tem-
perature must be lower than refrigerant outlet temperature.
Figure 4.14: Correct temperatures distribution inside a counter-ϔlow evaporator (a) and
condenser (b).
Going back to measurements results, Figure 4.15 shows the inlet and
outlet temperatures of both water and refrigerant ϐluids in the indoor
unit (condenser) along the situation 4 of the test B-C1. Equally, Figure
4.16 shows the temperatures in the outdoor unit (evaporator).
As can be seen, in both PHEX there is an incorrect distribution of the
temperatures. In the indoor unit, whichworks as a condenser, the inlet
water temperature should be lower than outlet refrigerant temperat-
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Figure 4.15: Indoor unit (condenser) inlet and outlet temperatures of both water and
refrigerant ϔluids in situation 4 of the test B-C1.
Figure 4.16: Outdoor unit (evaporator) inlet and outlet temperatures of both brine and
refrigerant ϔluids in situation 4 of the test B-C1.
ure, but it does not happen. Similarly, in the evaporator, during much
of the time, the outlet refrigerant temperature is higher than the inlet
brine temperature. It is not possible if the heat ϐlux is supposed to go
from the brine to the refrigerant.This kind of situations are repeated
many times during the different tests and situations.
Moreover, as explained in the previous section, the sensors utilized to
measure the water and brine temperatures aremuch accurate that the
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ones utilized to measure the refrigerant temperatures. Consequently,
and as it was asserted previously, the refrigerant temperatures meas-
urements will only be used to ϐigure out the thermodynamic cycles but
not for the model validation.
4.5 Model speciϐic considerations
In the Chapter 3 it has been presented the physics-based model de-
veloped to simulate a liquid-to-liquid HP. However, additionally to the
equations, somecomplementary informationmust be added to themodel
depending on the HP that wanted to be simulated, as explained in 3.5.
Now, the speciϐic information that was taken into account to simulate
the actual HP will be given.
PHEXs discretization: The PHEX discretization was studied in or-
der to ϐind which is the number of FCV that should be used to reach
a good agreement between computational time and results accuracy.
Here, it is presented the study carried out with the situation 6 of test
C-C2 by increasing the number of FCVs in the PHEXs from 5 to 100.
These results were similar for other studied tests and situations.
Figure 4.17 shows the differences in the condensing pressure calcu-
lation using a different number of ϐinite volumes. Although the simu-
lation time was 1200 seconds, in the image only is shown the period
where the transient occurs in order to perceive better the differences.
Figure 4.18 shows the Real Time Factor (RTF) for different number of
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FCVs.
Figure 4.17: Condensing pressure with different numbers of ϔinite control volumes.
Figure 4.18: Real Time Factor for different numbers of ϔinite control volumes.
As can be appreciated in Figure 4.17, the shape of the system dynamic
iswell followed, evenwith a lownumber of FCVs. Nevertheless, the nu-
merical results do not accurately ϐit with a low number of FCVs. With
ten FCVs, the results can be improved. The numerical results are accur-
ate enough once the number of FCVs are equal or higher than twenty.
Regarding the computational time, theRTFs remains lowup to 20FCVs
and increases greatly with 100 FCVs.
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Therefore, the micro-scale simulations will be carried out discretizing
each PHEX into 20 FCVs.
Fluid tables: Asexplained in Section4.2, the refrigerant ϐluid isR410A
while the secondary ϐluids are water in the indoor PHEX and brine in
the outdoor PHEX. The needed ϐluid tables were taken using CoolProp
[152].
Nusseltnumbercorrelations: Forbothbrine andwater, Dittus-Boelter
correlations [167] are used to calculate theNusselt number. Regarding
refrigerant ϐluid, for one-phaseHTC, Dittus-Boelter correlation is used.
Besides, the correlations presented inHan et al. [158, 168] are used for
the two-phaseHTC calculation. Evaporation and condensationNusselt
number presented correlations are speciϐic empirical correlations for
R410A refrigerant ϐluid.
In Equations 4.1, 4.2 and 4.3 are presented the one-phase, condensa-
tion and evaporation used correlations, respectively. Equation 4.1 is
also used for brine and water calculations.
Nu = 0.0023Re0.8 Prm (4.1)
Where the exponent of Prandtl number is m = 0.3 when the ϐluid is
cooled down andm = 0.4when the ϐluid is heated.
Nu = C1 ReEq
C2 Pr0.3 (4.2)
Nu = C3 ReEq
C4 Pr0.4 BoEq
0.3 (4.3)
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WhereReEq =
GEq Dh
µf
, BoEq =
q
GEq hfg
andC coefϐicients are non-
dimensional geometric parameters presented in Table 4.11.
Table 4.11: C coefϔicients correlations.
C1 = 11.22
pco
Dh
−2.83 (pi
2
− β
)−4.5
C2 = 0.35
pco
Dh
0.23
(
pi
2
− β
)1.48
C3 = 2.81
pco
Dh
−0.041 (pi
2
− β
)−2.83
C4 = 0.746
pco
Dh
−0.082 (pi
2
− β
)0.61
Compressorefϐiciencies: Thevolumetric efϐiciency and the isentropic
efϐiciencyof the compressor are calculated as a functionof thepressure
ratio (r = Pcomp,out/Pcomp,in).
The curvesof both efϐiciencies are ϐittedusing the informationprovided
by the manufacturer. While the irreversibilities inside the compressor
are measured with the isentropic efϐiciency, which is directly provided
by the manufacturer, the friction and mechanical losses are given by
the volumetric efϐiciency. The curve of the volumetric efϐiciency was
ϐitted using Equation 4.4, which relates the MFR provided by the man-
ufacturer and theMFR calculated analyticallywith Equation 4.5 for dif-
ferent operation conditions. Table 4.12 presents the equations andR2
value of both efϐiciencies correlations.
ηvol =
m˙manufacturer
m˙analitic
(4.4)
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m˙analitic = ρin · Vcomp (4.5)
Table 4.12: Equation andR2 value of volumetric and isentropic efϔiciencies correlations.
Volumetric efϐiciency Isentropic efϐiciency
Eq. ηvol = 0.005r2 − 0.099r + 1.176 ηise = 0.006r2 − 0.085r + 0.794
R2 0.926 0.883
EEV coefϐicient: The valve coefϐicient depends on the EEV that it is
using. For this case, Figure 4.19 shows the Cv used in the presented
system, whose data have been provided by the manufacturer.
Figure 4.19: Valve coefϔicient in function of the valve opening.
Components dimensions: The physical speciϐications of the used
PHEXs and compressor are described in Tables 4.3 and 4.1, respect-
ively.
Refrigerantmass ϐlowratedistributor: Asdescribed in the Section
4.2, a mass ϐlow distributor was located in the inlet port of the evap-
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orator during the heating mode, to reduce the maldistribution phe-
nomenon. This distributor causes a pressure drop in the refrigerant
ϐluid that must be taken into account during the simulations.
As shown in Figure 4.3, the refrigerant pressure has been measured in
three locations: inlet of the compressor, outlet of the compressor and
in the pipe that connects the EEV and the outdoor unit PHEX. During
the heating mode, assuming that the pressure drops inside PHEXs are
negligible, the pressure difference between the inlet of the compressor
and the EEV-PHEX connection is the pressure drop generated by the
mass ϐlow distributor. That pressure drop has been calculated and
taken into account in the EEV calculations. During the cooling mode,
there is not amass ϐlowdistributor in the inlet port of the evaporator so
only the compressor outlet and inlet pressures are taken into account
for the calculations.
Heating and cooling separated interfaces: As seen in Section 3.4,
the developed model is able to simulate both the heating and the cool-
ingmodeswithout changing the components. Nevertheless, as explained
in Section 3.4.6 it must be manually changed the connections between
components to simulate one working mode or the other.
4.6 Validation of the model in micro-scale
Now, the validationof themodel undermicro-scale transient situations
will be presented. It is presented for the heating mode, the cooling
mode and during a heating start-upwith the situation 4 of C-C2, 3 of G-
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C1 and 1 of C-C2, respectively. Although these situations were chosen
as the representative ones, other comparisons between test data and
simulation results are presented in Annex III.
For the validation of the model, it will be taken into account the simil-
arity of the graphics, that indicates if themodel follows the dynamics of
the system, and the Normalized Error (NE), which shows the numer-
ical divergence between test data and simulation results. NE will be
calculated with Equation 4.6.
NE =
∑end
k=1(simulation(k)− experimental(k))2∑end
k=1(experimental(k))
2
(4.6)
4.6.1 Heating mode validation
Heating mode validation will be given with the situation 4 of test C-C2.
During the heatingmode, the indoor unitworks as a condenser and the
outdoor unit as an evaporator. Both are connected in counter-ϐlow.
Water set-point temperature is initially placed at 35◦C and is changed
to 30◦C. The brine set-point temperature remains constant throughout
the entire test at -5◦C.
Figure 4.20 shows the simulated high and lowworking pressures com-
pared with test data. As can be seen, the simulation results accurately
ϐit the experimental data. NEs between simulation results and experi-
mental data for the pressure in the outdoor and indoor units are 1.16e-
04 and 1.09e-03, respectively.
The comparison for both secondary ϐluid temperatures is presented in
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Figure 4.20: Test data and simulation results of the refrigerant pressures during heating
mode.
Figure 4.21. The inlet temperature of both secondary ϐluids has also
been drawn. As it has been used as an input in the simulation soft-
ware, both experimental and simulation inlet temperatures of second-
ary ϐluids are the same. The NE of the simulation results with respect
to experimental data for the water outlet temperature is 1.83e-04 and
for the brine outlet temperatures is 2.72e-03.
Figure 4.21: Test data and simulation results of water and brine temperatures during
heating mode.
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4.6.2 Cooling mode validation
Cooling mode validation will carried out with the situation 3 of the
tests G-C1. The indoor unit works as an evaporator and the outdoor
unit as a condenser. In addition, their connections are in parallel-ϐlow.
In this case, the step in the set-point temperature is in the outdoor unit.
Brine set-point temperature starts at 30◦C and ϐinishes at 35◦C. The
water set-point temperature remains constant at 7◦C.
The comparisonbetween test data and simulations for refrigerantwork-
ing pressures and secondary ϐluid temperatures are presented in Fig-
ure 4.22 and Figure 4.23, respectively.
Figure 4.22: Test data and simulation results of the refrigerant pressures during cooling
mode.
TheNEbetween simulation results and experimental data for the pres-
sure in the outdoor and indoor units are 1.97e-03 and 3.26e-03, re-
spectively. Regarding secondary ϐluid outlet temperatures, the nor-
malized error is 8.60e-05 for the water and 5.69e-03 for the brine.
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Figure 4.23: Test data and simulation results of water and brine temperatures during
cooling mode.
4.6.3 System start-up validation
The start-up of the system has also been validated. Here, it will be
taken as example the situation 1 of the test C-C2. The start-up is during
the heating mode.
Starting from an almost equilibrium conditions, the set-point temper-
atures are ϐixed in 35◦C for water and -5◦C for brine. As explained dur-
ing the Section 4.3.2, situation 1 is carried out with the control of the
HP switched on. Test andmeasurements go on until the steady state is
reached.
Figure 4.24 shows the simulated high and lowworking pressures com-
pared with test data. Figure 4.25 compares the secondary ϐluids tem-
peratures.
The NE of refrigerant pressures in the outdoor and indoor units are
4.33e-03 and 2.02e-03, respectively. Regarding secondary ϐluid out-
let temperatures, the normalized error is 2.56e-03 for the water and
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Figure 4.24: Test data and simulation results of the refrigerant pressures during an start-
up situation in heating mode.
Figure 4.25: Test data and simulation results of water and brine temperatures during
an start-up situation in heating mode.
3.18e-03 for the brine.
As canbe seen, although there are somedifferencesbetween testmeas-
urements and simulation results, themodel simulates fairly accurately
the transient-states during the system start-up.
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4.7 Switching mode simulation
Once themodel has beenvalidated in cooling andheatingmodes separ-
ately and also during the start-up of the system, now it will be presen-
ted the capability of the model to simulate the switching mode opera-
tion.
In a switching mode operation, the system change the working mode
from cooling to heating or vice-versa. As explained during the Section
1.2.1, in a liquid-to-liquid HP the switchingmode is given, for instance,
when the system is working in the cooling mode and, in a given time,
it changes to work in the heating mode. In fact, the aim is to simulate a
summer period in which, during cooling supply for it use in a refriger-
ation systems, a demand for DHW is given. After the demand has been
covered, the system returns to the cooling mode.
In the actual system, when a switching order is given, ϐirstly the com-
pressor stopsworking. Then, both indoor andoutdoorPHEXpressures
are equalized through the EEV. The EEV, which is initially in a given de-
gree of opening, is then opened completely in order to ease the pres-
sure equalization. When the pressures are equalized, the control of
the system switches the internal connections of the 4WV and the refri-
gerant cycle is inverted. At that moment, the compressor is switched
on again and the EEV returns to the opening degree commanded by
the system control loop. In this case, as in the model the 4WV is ex-
pendable, the switches in the connections are given internally in the
component blocks.
Input conditions to the system will remain constant throughout the
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simulation. Being the inlet water temperature 20◦C, inlet brine tem-
perature 12◦C and the MFR of both water and brine 0.25 kg/s. They
have been chosen arbitrary. Nevertheless, 20◦C is an acceptable tap
water temperature during the summer in a mild weather location and
12◦C for the subsoil temperature supposing a vertical ground heat ex-
changer. Regarding the EEV, it starts working at 45% of the opening
grade. When the compressor is switched off, the EEV is fully opened in
order to ease the equalization of the pressures. Once the system starts
working again, it returns to the previous 45% of the opening grade.
For the simulation, the steady state reached during the cooling mode
for given inputs is ϐirstly simulated. After some time, theorder to change
to the heating mode is given. This order is transmitted to the com-
pressor,which stopsworking, and to theEEV,which is completely opened
to ease the pressures equalization. Once the pressures are equalized,
the working mode is switched, the EEV returns to is correspondent
opening degree and the compressor starts working again. After some
time in the heating mode, the order switching is again given and the
system returns to the cooling mode following the same steps before
described.
It must take into account that reproducing this switching conditions in
a laboratory might not be possible. In fact, in the presented facilities it
was not possible.
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4.7.1 Reversible model consideration
In Simulink, the connections between blocks are unidirectional. One
signal (or signal bus) from an outlet port of one component is sent to
one inlet port of the next block and can not be inverted during a simu-
lation. Because of that, as seen in Section 3.4, the difference between
the cooling and the heating mode models is the connection between
blocks.
Nevertheless, for a reversible simulation inwhich bothworkingmodes
wanted to be simulated, the interface and block connections before
presented are not valid. Because of that, it is developed a reversible
model in which the heating and cooling modes can be simulated in the
same simulation.
Thismodel canalsobeused for singleworkingmode simulations. Moreover,
since the model presented in the Chapter 3 and the speciϐic considera-
tions for the actual HP systems presented in 4.5 are the same, the res-
ults using one model or the other are equals.
Theadditional needsof the reversiblemodeand thedifferencesbetween
reversible and non-reversible models will be now presented.
Components connections: In the non-reversible model presented
in Section3.4, the inlet refrigerant properties port is connecteddirectly
with its corresponding anterior block. Nevertheless, in the reversible
model, the inlet refrigerant properties port of each component is du-
plicated and connected with both anterior and posterior components.
Then the correct signal is chosen in function of the working mode of
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the system.
Thismust be done because as explained at the beginning of Section 3.4,
each component needs to known the pressure or MFR of the anterior
and posterior block to solve its respective equations. Moreover, as the
model will simulate both working modes at the same simulation, each
block need to be fedwith both possible refrigerant inlet properties and
then, depending on the working mode, use the correct ones.
In Figure 4.26 can be seen the blocks used for the reversible model.
There are two differenceswith the non-reversiblemodel. The ϐirst one
is that theMode input port has been added to the compressor and EEV
blocks. Secondly, the ”Flow in” and ”Up-stream refrigerant mass ϐlow
rate” or ”Up-stream pressure” input ports are substituted by ”Flow in
from compressor” and ”Flow in from EEV” or ”Flow in from indoor
unit” and ”Flow in from outdoor unit”. During the simulation, the cor-
rect signal will be chosen depending on the current working mode.
Compressor stop and start-up: In the actual system, to carry out a
working mode switch, the compressor must be ϐirstly stopped. Never-
theless, there is not information available about the time that is needed
from the stop command is givenuntil the compressor completely stops.
Moreover, in the simulations, if the compressor is tried tobe completely
stopped instantaneously in a given time, a discontinuity is given and
the simulation stalls. Because of that, according to size of the com-
pressor, it has been assumed that the compressor takes three seconds
to completely stop working and another three seconds to completely
re-start it.
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Figure 4.26: Reversible model blocks interface.
Workingmodeswitching: Reversiblemodelmust be capable to switch
between the heating and the cooling modes when is required. After
the switching signal or command is given, ϐirstly the compressor stops
working, then thepressures are equalizedand ϐinally theworkingmode
switch is given. After that, the system re-start working.
In the simulation, indoor and outdoor unit pressures are compared. If
the indoorunit pressure is higher than theoutdoorunit one, the system
is currently working in the heating mode and vice versa. During the
equalizationof thepressures,when thedifferencebetween them is less
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than 5 kPa, theworkingmode is inverted. Then, the compressor starts
working again.
Refrigerant mass ϐlow rate distributor: As said in Section 4.5, in
the current system, the mass ϐlow distributor is only used during the
heating mode. In the model, a ϐixed pressure drops due to the distrib-
utor are taken into account in the EEV block calculations during the
heating mode. In the cooling mode they are avoided.
Computational height: Although the reversiblemodel can carry out
single working mode simulations and the obtained results are equal,
the computational height of the reversible model is higher than the
non-reversible one. It is due to at each step time, in each component,
which is the correct signal depending on the working mode must be
chosen. Therefore, the required time to carry out the same simulation
is approximately three times higher.
Thus, the reversible model is recommendable only to simulate switch-
ing working modes. Otherwise, it is better to use non-reversible mode
to simulate single working mode simulations.
4.7.2 Results
It has been simulated the switching mode operation from the cooling
mode to the heating and back to the cooling mode following the con-
ditions described in Section 4.7. In Figure 4.27 is presented the time
in which the system is working in heating and cooling modes. It also
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is marked the moments in which the compressor is stopped and re-
started.
Figure 4.27: Working modes during the reversible simulation.
The simulated MFR of refrigerant is presented in Figure 4.28a. Calcu-
lated MFRs in the compressor and EEV are differentiated. In Figures
4.28b and 4.28c are given the zoom in cooling to heating switch and
heating to cooling switch respectively. Themoments inwhich the com-
pressor is stopped and re-started aremarked. As can be seen, the com-
pressor MFR goes to zero in three seconds, faster than the EEV ones,
which depend on the dynamics of the system.
After the mode is switched, the compressors start working again. The
MFR in the compressor reaches a high value in a few seconds and oscil-
lates until achieve the equilibriumwith the MFR calculated in the EEV.
The MFR in the EEV continue decreasing after the switch is given, be-
cause of the dynamics of the system, and then increases to reach the
equilibrium.
Refrigerant ϐluid pressures can be seen in Figure 4.29. Initially, in the
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(a)
(b) (c)
Figure 4.28: Refrigerant MFR during reversible simulation. Entire simulation (a), zoom
in cooling to heating (b) and zoom in heating to cooling (c)
coolingmode, the outdoor unit PHEXworks as a condenser (high pres-
sure), while the indoor unit works as an evaporator (low pressure).
During the heating mode, the opposite is true. It is clearly seen both
the change in the working mode of the PHEX and the time at which
pressures are equalized.
Figure 4.30 shows the refrigerant and brine temperatures in the out-
door PHEX inlet and outlet ports. During the cooling mode, port 1 and
port 2 are the inlet and the outlet of the refrigerant sides respectively.
During the heating mode, the port 2 is the inlet and the port 1 is the
outlet. Brine is heated during the cooling mode and cooled down dur-
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Figure 4.29: Refrigerant pressures during reversible simulation.
ing the heating mode.
(a)
(b) (c)
Figure 4.30: Outdoor PHEX inlet and outlet temperatures. Entire simulation (a), zoom
in cooling to heating (b) and zoom in heating to cooling (c)
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During the coolingmode, the temperature of the refrigerant at the port
1 is high because it comes as super-heated vapor from the compressor.
At the port 2, it is near to the brine outlet temperature, which indicate
that the PHEX is working in parallel-ϐlow conϐiguration, as described
in 4.2. When the compressor stops working, the temperatures of both
ports decrease. In the outlet port because although the refrigerant
MFR is almost null, the brine keeps ϐlowing and cooling the refrigerant.
In port 1, the temperature decreases because the compressor stops
compressing the refrigerant. In fact, during the time in which the com-
pressor is switched off, the refrigerant MFR that goes through PHEXs
is almost null.
After the switch to the heatingmode, the port 1, whichnow is the outlet
port, reach a similar temperature than the inlet of the brine due to the
conϐiguration of the PHEX has changed to counter-ϐlow. The refriger-
ant goes into the PHEX through the port 1 and comes from the EEV at
a low pressure and temperature. Then, the steady state in the heating
mode is reached.
When the switching order is given again to return to the heatingmode,
both ϐluids temperatures are balanced before reach the initial values.
Figure4.31 shows the refrigerant zones lengths inside theoutdoorPHEX
along the simulation. During cooling mode, in which the outdoor unit
works as a condenser, it can be seen that the refrigerant is divided
into three zones: super-heated vapor, two-phase ϐluid and sub-cooled
liquid. After the compressor shut-down, the sub-cooled zone disap-
pears and the super-heated zone continues decreasing until it disap-
pears. As seen in Figure 4.30, for some time during the compressors
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shut-down, both refrigerant temperatures are equal. This is because
all the ϐluid inside the PHEX is two-phase ϐluid, as can be seen in Fig-
ure 4.31. After the start-up, as the refrigerant MFR ϐlows constantly
again, the temperatures of the refrigerant starts separating one from
the other and the super-heated zone increases. The outdoor unit is
now working as a two-zone evaporator.
Figure 4.31: Outdoor PHEX vapor-liquid zones length per unit during reversible simula-
tion.
Figure 4.32 shows the refrigerant and water temperatures in the in-
door PHEX inlet and outlet ports. The port 2 is the inlet during the
cooling mode and the outlet during the heating mode. Water is ini-
tially cooled down because the PHEX is working as an evaporator and,
after the switch, it is heated due to the PHEX works as a condenser.
As the PHEX is initially working in parallel-ϐlow, the refrigerant out-
let temperature is similar to the water outlet temperature. During the
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(b) (c)
Figure 4.32: Indoor PHEX inlet and outlet temperatures. Entire simulation (a), zoom in
cooling to heating (b) and zoom in heating to cooling (c)
heating mode, as the conϐiguration is in counter-ϐlow, the refrigerant
outlet temperature deϐines the maximum temperature at which water
can be heated.
Refrigerant temperature in the outlet port increases when the com-
pressor is stopped because the water, which has a higher temperature
than the refrigerant, continues circulating and heating the refrigerant.
Temperature at the inlet also increases because the refrigerant comes
at a higher pressure from the EEV during the equalization of the pres-
sures.
After the switch, inlet port temperature increases considerablybecause
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it is super-heated vapor that come from the compressor.
When the system switches back to the cooling mode, the transient be-
havior that occurs is similar to the one described in the ϐirst switch of
the outdoor unit PHEX.
In Figure 4.33 can be seen the quality of the refrigerant ϐluid during
the switching simulation. During the cooling mode, the PHEX works
as a two-zone evaporator. During the heating mode, as a three-zone
condenser.
Figure 4.33: Indoor PHEX vapor-liquid zones length per unit during reversible simula-
tion.
The brine is heated 6◦C during the cooling mode and is cooled down
5.8◦C during the heatingmode. Thewater is cooled down 4.5◦C during
the cooling mode and heated 5.4◦C during the heating mode. The ob-
tained results are similar to the ones obtained in the laboratory tests
for the heating and cooling modes separately.
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As said before, there is not available experimental test data to com-
pare the simulation results. However, it is important to highlight that
the objective is to demonstrate that the developed model is capable to
carry out simulations under switching working mode, without focus-
ing in the numerical results. In fact, taken inputs to the model, apart
from being arbitrary, are taken as constant and invariant during all the
simulation, which is far from the behavior of a real HP.
Moreover, as can be appreciate from Figures 4.31 and 4.33, when the
PHEX are working as evaporators, the super-heated zones are much
longer than they should be, specially the indoor unit during the cooling
mode. This denotes that operation conditions have not been studied
and much less optimized.
4.8 Conclusions
During this chapter, the model presented in the Chapter 3 has been
validated in micro-scale for transient simulations.
Thedifferent tests developed tovalidate themodel havebeenexplained.
Tests were carried out with a liquid-to-liquid HP of 5kW of nominal
heating capacity connected to a climatic chamber that emulates the
heat source and sink. In total, 14 different tests were carried out. Both
the heating and the cooling modes were tested. During each test, 8
different situations were given, in which changes in the operation con-
ditions were forced to get transient-states. The tests facility and pro-
cedures have been described in detail.
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The validation of the model has been presented. It has been validated
under the cooling and the heating situations separately and also under
a heating start-up situation. In the results can be seen how the model
is capable to simulate different transient situations accurately.
Finally, a switchingmodewas simulatedand the resultswerediscussed.
The capability of themodel to simulate switchingmodeshasbeenproved.
Moreover, although there are not laboratory tests with which compare
the simulation results, it can be asserted that they can be a good ap-
proach to the real behavior of the system under switching mode oper-
ation.
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Chapter 5
MACRO-SCALE
SIMULATIONS
During this chapter, themodelwill be validated inmacro-
scale, whichwill allow topredict the energyperformance
of HP systems. The used HP, test methodology and test
results will be presented. Then, themodel validationwill
be shown. Finally, an study about the system perform-
ance prediction will be presented and some conclusions
will be drawn.
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5.1 Introduction
The use of dynamic models to simulate the behavior of a thermal fa-
cility in macro-scale allows the user to predict the performance of the
systemunder long time operation. For instance, it can be predicted the
electricity consumption during the cold season, the COP of the system
for space heating or the SPF of the facility. Because of that, it is im-
portant that the dynamic model presented in Chapter 3 to be able to
simulate HPs in macro-scale.
Themodelwill be validatedagainstmacro-scale laboratory experimental
tests. They were carried out with a reversible liquid-to-liquid HP of 16
kW of nominal heating capacity working in cooling mode. The system
works with Propane (R290) as refrigerant ϐluid and water as second-
ary ϐluids.
Different testswere carried out by varying the cooling loads in the HEX
that simulates the building cooling demand. Therefore, seven tests
were developed with different ON/OFF time ratios. The duration of
tests vary between approximately 40 minutes and 4 hours depending
on the test.
Once the model is validated in macro-scale against one of those tests,
there will be simulated the rest of them. System performance calcu-
lated from simulation results and tests data will be compared and dis-
cussed.
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5.2 Tests description
5.2.1 Tests facility
Tests have been carried outwith a reversible liquid-to-liquidHP joined
to two hydraulic groups that simulate the indoor (building) and out-
door (ground/water) secondary loops. In each of these loops, it can
be imposed the secondary ϐluid MFR and set-point temperature or the
wanted thermal load. Both secondary loops work with water as sec-
ondary ϐluid. The HP uses Propane (R290) as refrigerant ϐluid.
A scheme of the used test rig is shown in Figure 5.1. The HP, of 16
kW of nominal heating capacity, is compound by a reciprocating com-
pressor, an EEV, a 4WV and two refrigerant-to-liquid PHEX. Secondary
loops are compound by a water pump, a PID controller to ϐix set-point
temperatures or thermal loads and a HEX to simulate heat sink and
source.
Figure 5.1: Scheme of the used test ring in cooling mode with the measurement points.
Speciϐications of used PHEXs and compressor are presented in Tables
5.1 and 5.2 respectively.
The operation of the HP is very similar to the one described in Section
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Table 5.1: Speciϔications of the used plate heat exchangers.
Indoor Unit Outdoor Unit
Plates number 26 26
Dimensions (cm) 50 x 10 x 6.2 50 x 10 x 6.2
Primary ϐluid R290 R290
Secondary ϐluid Water Water
Heating connections Parallel-ϐlow (Condenser) Parallel-ϐlow (Evaporator)
Cooling connections Counter-ϐlow (Evaporator) Counter-ϐlow (Condenser)
Table 5.2: Speciϔications of the used reciprocating compressor.
Electric connection 220/240V 1 50Hz
Maximum power input (kW) 7.9
Displacement (m3/h) 22.72
Tevap = −1◦C , SH = 20◦C , Tcond = 55◦C , SC = 3◦C ,
Heating power (kW) 17.4
Absorbed power (kW) 5.09
COP 2.42
Refrigerant mass ϐlow rate (g/s) 46.25
4.2. However, in stead of using a climatic chamber to simulate heat
source and sink, it is used secondary water loops with HEXs.
During tests, the system isworking on coolingmode. Thus, the outdoor
unit will work as the condenser and the indoor unit as the evaporator.
Used measurement devices are presented in Table 5.3 and their loca-
tion is shown in Figure 5.1. When an actual thermal facility of a build-
ing wanted to be monitored in order to characterize the performance
of the system, the measurements that are accessible are the temperat-
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ures andMFR of secondary ϐluids and the system power consumption.
Therefore, as the goal of this tests is to obtain the performance of the
system, it has not been measured the refrigerant ϐluid conditions.
Table 5.3: Speciϔications of the utilized sensors.
Measurement Type
Water temperature Pt 100 resistance measurer
Water mass ϐlow rate Coriolis effect sensor
Compressor electrical input Power meter
5.2.2 Tests procedure
The objective is to simulate the performance of a liquid-to-liquid HP
during the coolingworkingmode. Outdoor unit loop is adjusted to sim-
ulate the groundorwater heat sink and indoorunit loop to simulate the
refrigeration facility of the building during warm seasons.
The thermal load of a hypothetical building is varied in order to carry
out different tests. Water MFR of both secondary loops remain con-
stant during all tests, being approximately 1 kg/s. The outdoor loop
inlet temperature is ϐixed in 25◦C for all tests and it remains constant
during all the test. Instead, in the outdoor loop, a speciϐic base ∆T is
imposed by the control of the system between the inlet and outlet tem-
peratures of the HEX that simulates the building cooling thermal load.
During the operation of the system, a percentage of that base ∆T is
ϐixed. That percentage is varied in each test. Thus, the ON/OFF time
ratio of the system is varied. The higher the percentage is, the lower is
CHAPTER 5. MACRO-SCALE SIMULATIONS 167
ENEDI Research Group
the ON/OFF ratio and therefore, the lower is the emulated cooling load
of the building. There were developed tests with 10, 15, 30, 40, 50, 70
and 90% of cooling load. The based∆Twas ϐixed in 5K approximately.
Additionally, not all tests have the same cycle time. Understanding as
a cycle the sum of one ON cycle and one OFF cycle. In Table 5.4 are
presented theON time, cycle timeand realworkingpercentage for each
test.
Table 5.4: Cycles times and real ON/OFF ratios for each test.
Test ON time [s] Cycle time [s] Real ON/OFF ratio
T10 335 2325 14.4%
T15 340 2020 16.8%
T30 405 1430 28.3%
T40 555 1180 47.0%
T50 640 1175 54.5%
T70 925 1360 68.0%
T90 3530 3865 91.3%
As an example, in Figure 5.2 are presented the water temperatures of
both secondary loops and the electrical power input for the test T40.
As can be seen, approximately the 40%of the time, the system iswork-
ing and approximately the 60% is switched off.
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Figure 5.2: Water temperatures and power input T40 test.
5.3 Model speciϐic considerations
Some speciϐic considerations must be taken into account to simulate
the system presented in Section 5.2.
PHEXsdiscretization: The realized study formicro-scale validations
regarding theneedednumberof FCV is repeatedwithmacro-scale tests.
T40 test was used and the results are collected in Figure 5.3. As can
be seen, in this case, discretizing each PHEX into 5 or more FCVs, ac-
curate results are obtained. However, in order to reach an agreement
between computational time and results accuracy, 5 or 10 FCVs are
enough. For the following simulations, 10 FCV have been utilized.
Fluid tables: The utilized refrigerant ϐluid is Propane (R290). The
secondary ϐluid in both PHEXs is water. Again, the needed ϐluid tables
were taken using CoolProp [152].
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Figure 5.3: Indoor unit water outlet temperaturewith different numbers of ϔinite control
volumes.
Figure 5.4: Real Time Factor for different numbers of ϔinite control volumes.
Nusselt number correlations: Differently from micro-scale valida-
tion, instead of using speciϐic Nusselt number correlations for the used
refrigerant, it was used more general correlations. Dittus-Boelter cor-
relation [167] is used to calculate the HTCs of water and single-phase
refrigerant and Chisholm correlation [169] to calculate two-phase re-
frigerant HTCs.
Dittus-Boelter correlation is presented inEquation4.1 and theChisholm
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correlation in Equation 5.1.
Nu = 0.724
(
6β
pi
)0.646
Re0.583 Prm (5.1)
Where the exponent of Prandtl number ism = 0.3 when the refriger-
ant is condensing andm = 0.4when it is evaporating.
Since this correlations arenot speciϐic for one refrigerant ϐluid, itmakes
the model more suitable to simulate different systems. Moreover, al-
though during the simulations presented in this thesis there have not
been used HTC correction factors, it must be take into account that can
be utilized to adjust the calculated HTC of each ϐluid.
Compressor efϐiciencies: Compressor volumetric and isentropic ef-
ϐiciencies are calculated as a function of the pressure ratio. Used cor-
relations are presented in Table 5.5. This correlations were obtained
from a set of tests carried out with the same system under different
steady operation conditions.
Table 5.5: Equation andR2 value of volumetric and isentropic efϔiciencies correlations.
Volumetric efϐiciency Isentropic efϐiciency
Eq. ηvol = −0.0248r + 1.0231 ηise = −0.0521r + 0.8749
R2 0.995 0.998
EEVcoefϐicient: Figure5.5 shows theCv of theusedEEV in thepresen-
ted system, whose data was provided by the manufacturer.
CHAPTER 5. MACRO-SCALE SIMULATIONS 171
ENEDI Research Group
Figure 5.5: Valve coefϔicient in function of the valve opening.
Components dimensions: The physical speciϐications of the used
PHEXs and compressor are described in Tables 5.1 and 5.2, respect-
ively. They are both taken from open technical data sheets provided
by the manufacturers.
Refrigerant mass ϐlow rate distributor: Since there is not inform-
ation about the refrigerant loop, there was not taken into account any
pressure drops in the refrigerant distributor.
EEV opening degree Differently from micro-scale tests, in this case
it has not been monitored the opening degree of the EEV. However, as
seen in Section4.4, it is not theparameter thatmost affects theworking
conditions of the system.
In this case, since there is not implemented a control loop in themodel,
the opening degree remains constant during all the simulations. Nev-
ertheless, at the time of selecting the opening degree, it was taken into
account that for the tests operation conditions, the refrigerant MFR
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calculated during the simulation was similar to the one given by the
compressor manufacturer software for those conditions.
Systemdowntime: In reversible simulation cases, it is interesting to
know the behavior of the ϐluids during the time in which the system is
switched off to enable the working mode switch.
On the contrary, at this macro-scale simulations, it is not important
the behavior of the system during the off time. It is known that there
will be transient-states where the pressures will be equalized, the re-
frigerant MFRwill decrease and the temperatures in HEXwill reach an
equilibrium. However, that transient-state time is much smaller than
the total time where the system will be switched off. Therefore, those
transient-states are neglected.
Moreover, in order to accelerate the simulations, the time in which the
system is stopped has not been simulated. In the instant in which the
system is stopped, the simulation jumps until the time in which the
system is restarted. The simulation restarts taking the initially ϐixed
initial conditions.
After the simulation, the results are ϐiltered. During the no simulated
stop times, the compressor power input has been set to 0 and the outlet
water temperatures have been equated to the inlet ones.
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5.4 Validation of the model in macro-scale
Now, simulation resultswill be comparedwith experimental data. Firstly,
the complete results for T70 test will be shown.
In Figure 5.6 and 5.7 are shown the temperatures of the outdoor and
indoor PHEXs respectively. As seen, heat transfer between ϐluids is cor-
rectly simulated and therefore, simulation water outlet temperatures
are similar to the one from tests.
Figure 5.6: Test data and simulation results of water temperatures in the outdoor unit
(condenser).
In Figure 5.8 is presented the comparison between the compressor
power consumption during the test and the simulation. As can be seen,
the model under-calculates the power input to the system.
Finally, the calculated EER is compared. EER is the parameter com-
monly used to measure the cooling efϐiciency of an air conditioning
system or a reversible HPworking in the cooling mode. It is calculated
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Figure 5.7: Test data and simulation results of water temperatures in the indoor unit
(evaporator).
Figure 5.8: Test data and simulation results of compressor power consumption.
by means of Equation 5.2.
EER =
Q˙cooling
W˙compressor
=
m˙water indoor(∆Twater indoor)
W˙compressor
(5.2)
Calculated EER from simulation results is overestimated in compar-
ison with test data. It is mainly because while the water ∆T is sim-
ilar in simulation results and test data, the compressor work is under-
calculated during the simulations. In next section, where the system
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Figure 5.9: Test data and simulation results of calculated EER.
performance at different loads is studied, it will be discussed the reas-
ons of the divergences between test data and simulation results.
5.5 Model performance study at different cool-
ing loads
The system efϐiciency at different cooling loads will be studied. Firstly,
all test were simulated and the obtained results were treated in order
to obtain the EER. Obtained results are presented in Figure 5.10 in
comparison with the EER from test data.
As can be seen, the model tends to overestimate the system perform-
ance. Now, itwill be tried to obtainwhere the observed overestimation
comes.
First af all, as seen in Section 5.4, the model simulates accurately the
outletwater temperatures inPHEXsbutunder-predicts the compressor
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Figure 5.10: Test data and simulation results of calculated EER for different cycle loads.
absorbed power. Integrated energy along one cycle in indoor unit, out-
door unit and compressorwere calculated for each test and are presen-
ted in Figure 5.11. Some differences between simulation and test data
can be appreciate. However, since each test have a different cycle time
(Table 5.4), the differences between tests cannot clearly seen.
Figure 5.11: Integrated energy along one tested cycle in indoor unit, outdoor unit and
compressor.
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Because of that, it has been assumed a cycle time of one hour for each
testmaintaining the realON/OFF time ratiospresented inTable5.4. In-
tegrated energy in the indoor unit, outdoor unit and compressor were
again calculated and are shown in Figure 5.12.
Figure 5.12: Integrated energy along one hour cycle in indoor unit, outdoor unit and
compressor.
Now, it can be better seen how the compressor absorbed work is un-
derestimated in all tests. However, integrated energy in the indoor
unit, which represents the cooling energy of the system, is generally
overestimated.
In order to see it inmore detail, In Figure 5.13 it is depicted the relative
difference between simulation results and test data in the integrated
energy of the indoor unit and compressor.
It is observed the overestimation of the cooling capacity against the un-
derestimation of the compressorwork. Both of them collaborate in the
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Figure 5.13: Relative difference between simulation results and test data in indoor unit
and compressor.
overestimation of the EER. Additionally, it can be seen that the longer
is the ON-cycle time, the smaller the difference is.
Finally, in Figure 5.14 are presented the comparison between simu-
lation results and test data of heating capacity, cooling capacity and
compressor power input. It can be asserted that the model simulates
fairly accurately the behavior of the systems in macro-scales.
On the other hand, it can be said that the main differences are given
in the compressor power input calculation. In fact, compressor model
is a basic model which does not simulates the dynamics implicit in its
operation and in which only basic thermodynamic laws have been ap-
plied. In case the compressor model was improved, the results could
be more accurate [137]. Therefore, in the next section is presented an
upgrading of the compressor model in order to make it more accurate.
Additionally, it must take into account that different assumptionswere
taken into account in order to simplify themodeling of the system. This
directly affects the accuracy of the results.
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Figure 5.14: Comparison between simulation results and test data of heating capacity,
cooling capacity and compressor power input.
5.6 Compressor model upgrading
It was seen that themain differences between test data and simulation
results came from the compressor calculations. Therefore, during this
section it will be upgraded the compressor model in order to reduce
those differences and make the model more accurate.
In Section 3.2.1 it was said that the compressor power is calculated as-
suming an adiabatic compression. Nevertheless, it does not happen ac-
tually. Now, the compressorwill bemodeled using Equation 5.3, which
assumes some heat losses. It will lead in a greater power consumption
of the compressor.
W˙comp = Q˙losses + m˙comp · (hout − hin) (5.3)
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Now, it will be explained how can be predicted those heat losses.
5.6.1 Heat losses prediction
Firstly, it will be assumed that the differences between the results ob-
tained with simulations and tests data are mainly because the wrong
assumption of an adiabatic compression. Therefore, heat losses can be
deϐines as:
Q˙losses = W˙comp,test − W˙comp,adiab (5.4)
Taking W˙comp,adiab as the power consumption of an adiabatic compres-
sion and following the Equation 3.3 that describe the power consump-
tion for an adiabatic compression:
Q˙losses = W˙comp,test − m˙comp · (hout − hin) (5.5)
Compressed mass ϐlow rate can be calculated with Equation 3.1 using
the compressor volumetric efϐiciency of Section 5.3. Then, from the
deϐinition of the isentropic efϐiciency:
(hout − hin) = (hout,s − hin)
ηisen
(5.6)
Where the compressor isentropic efϐiciency of the present system is
deϐined in Section 5.3.
On the other hand, to obtain hout,s and hin it will be assumed that the
pressures calculatedby themodel during simulations are correctlypre-
dicted, as was proved in the Chapter 4.
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Finally, hin needs to be deϐined for another property apart from pres-
sure. In this case, it will be used the refrigerant temperature. It was
not measured and it will not be taken the simulation results because
they were not properly validated against tests data. However, taking
a generic temperature-entropy diagram of a refrigerant ϐluid, constant
pressure lines are parallel one to other. Therefore, it can be asserted
that at same inlet and outlet pressures, for different inlet temperatures
(hout−hin)will be similar. Therefore, it will be supposed a ϐixed super-
heating at constant pressure to calculate the inlet refrigerant temper-
ature.
All this was applied to the different test cases in order to obtain a cor-
relation that can deϐine the heat losses of the compressor. Speciϐically,
it were calculated the heat losses at different tests and samples.
A summary of the samples studied are presented in Table 5.6.
Then, the calculations were repeated for these sample times assuming
0, 5 and 10K of super-heating. Figure 5.15 shows the obtained results
in function of the different system high pressures. It was tried to graph
them in function of other variables, such as pressure ratio or power
consumption, but there was no accurate relation between them. As
can be seen, the super-heating barely affects.
From those results, the correlations obtained to predict the heat losses
in the compressor block is presented in Table 5.7.
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Table 5.6: Analyzed macro-scale samples to obtain a correlation to predict the com-
pressor heat losses.
Test Time percentageof one ON cycle Wtest [kW] Inlet pressure [kPa] Outlet pressure [kPa]
T10 30% 5.15 518 142870% 5.04 484 1403
T15 30% 5.12 517 144570% 5.06 478 1394
T30 30% 5.13 516 141770% 5.04 483 1373
T40 30% 5.02 522 142970% 5.02 484 1380
T50 30% 5.02 523 143670% 5.04 478 1375
T70 30% 5.11 523 141470% 5.08 490 1377
T90 30% 5.06 516 138170% 5.02 481 1339
Figure 5.15: Obtained heat losses for macro-scale situations for different super-heating
temperatures in function of system high pressure.
Table 5.7: Correlation to predict the compressor heat losses obtained from macro-scale
situations.
Equation R2
Q˙losses = −0.00209Pout + 3.64945 0.66
CHAPTER 5. MACRO-SCALE SIMULATIONS 183
ENEDI Research Group
5.6.2 Simulation results
Implementing this equation to the compressor model, the power con-
sumptionobtained for theT70 test is presented in Figure5.16. It is also
shown the previous obtained results for an adiabatic compression. In
Figure 5.17 is presented the calculated EER. Secondary ϐluids temper-
ature results are not shown since they are similar to those presented
in Figures 5.6 and 5.7.
Figure 5.16: Test data and results of both adiabatic and non-adiabatic simulations of
compressor power consumption.
It hasbeenpresentedhowthemodel results are considerably improved
by considering a non-adiabatic compression. However, as it was used
a correlation obtained from both test data and simulation results, the
model have lost versatility. Moreover, although the thermal load was
varied form one test to other, the working conditions are equal in all
tests. Therefore, this correlationmay not be valid for differentworking
conditions and systems.
Because of that, it was decided to obtain a more general correlation
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Figure 5.17: Test data and results of both adiabatic and non-adiabatic simulations of
calculated EER.
that includes different system working conditions. It were used tests
presented in Chapter 4. In this case, the tests are carried out under
different working conditions.
5.6.3 Recovering the model versatility
For implementing the previously explained methodology, they were
used the power consumption and high and low pressures of different
tests data. As said during Section 4.2, power input was not used for the
validation in micro-scale situations but it was measured during tests.
They were used both heating and cooling tests and it was supposed an
super-heating of 5 K . In all cases, the sample was taken during the
steady state before the working conditions change. Used tests and test
data are summarized in Table 5.8.
Obtained results and second correlation are presented in Figure 5.18
and Table 5.9, respectively.
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Table 5.8: Analyzed micro-scale samples to obtain a correlation to predict the com-
pressor heat losses.
Test Situation Working mode Wtest [kW] Inlet pressure [kPa] Outlet pressure [kPa]
AC1 Situation 5 H 2.48 670 2230
AC2 Situation 6 H 2.69 704 2461
BC1 Situation 5 H 2.70 830 2530
BC1 Situation 6 H 3.38 860 3220
CC2 Situation 6 H 2.38 577 2172
DE1 Situation 5 H 2.44 830 2180
DE1 Situation 6 H 2.48 680 2230
EE1 Situation 5 H 3.22 930 2920
EE2 Situation 5 H 3.00 840 2800
GC1 Situation 5 C 2.74 950 2520
HE1 Situation 6 C 2.65 970 2540
Figure 5.18: Obtained heat losses for micro-scale situations in function of system high
pressure.
Table 5.9: Correlation to predict the compressor heat losses obtained from micro-scale
situations.
Equation R2
Q˙losses = 0.00043Pout + 0.24713 0.91
Comparingmacro- andmicro-regressions it is observed important dif-
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ferences such as contrary slope and pressure ranges. However, if both
sample results are plotted at the same ϐigure and the correlation cal-
culated frommicro-situations data is prolonged, the straight line cross
the point cloud of the results obtained from macro-situations data. It
can be seen in Figure 5.19. Therefore, taking into account the narrow
pressure range of macro-scales, it can be said that the correlation of
micro-scale can accurately predict the heat losses in macro-scale sim-
ulations.
Figure 5.19: Obtained heat losses for macro- and micro- situations in function of system
high pressure.
Finally, implementing this last correlation to themodel and simulating
T70 test, obtained power consumption and EER are presented in Fig-
ures 5.20 and 5.21, respectively. In Annex IV are presented the com-
parison between test data and simulation results of the rest tests using
the upgraded model.
In Figure 5.22 is presented the calculated EER for each test implement-
ing the compressor upgradingwith themicro-scale correlation. As can
be seen, tests data and simulation results are now much more similar
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Figure 5.20: Test data and simulation results of non-adiabatic compressor power con-
sumption using the obtained second correlation.
Figure 5.21: Test data and simulation results of EER with non-adiabatic compressor us-
ing the obtained second correlation.
than those presented in Figure 5.10.
Moreover, it was observed that the heat losses in a compressor are
mainly governedby the reachedpressure at theoutlet of the compressor,
and therefore, by the reached maximum temperature.
On the other hand, in this section it was assumed that the differences
between the power consumption in tests and simulations regards to
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Figure 5.22: Test data and simulation results of calculated EERwith non-adiabatic com-
pressor using the micro-scale correlation for different cycle loads.
heat losses. However, this assumption could not be totally correct.
These differences can be blamed also to other assumptions. For in-
stance, it must take into account that in an actual compressor there is
a certain amount of oil mixed with the refrigerant to decrease the fric-
tion between moving parts.
Taking all this into account, in Equation 5.3, it would be more correct
to call E˙losses in stead of Q˙losses. It would include other kind of losses
a part from the heat losses.
5.7 Conclusions
During this chapter, the model was validated in macro-scale obtaining
the system performance.
Medium-long time scale testswere developedusing a reversible liquid-
to-liquid HP working in cooling mode. In secondary ϐluid loops, water
was heated or cooled down using secondary HEXs which simulate the
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demand of the building and the ground/water reservoirs, respectively.
Different cooling loads were ϐixed in order to vary the ON/OFF time
ratio of the system. In the aggregate 7 tests were developed.
Using one of those tests, the model was validated. The model predicts
accurately thewater outlet temperature fromboth indoor and outdoor
PHEX. However, it tends to underestimate the compressor power con-
sumption. It leads to an overestimation of the system performance.
Then, the rest of tests were simulated in order to analyze the system
performance. Itwas seen that theperformanceoverestimation ismain-
tained at different cooling loads. Additionally, it was observed study-
ing the integrated energy in the indoor unit and the compressor that
while water outlet temperature is overestimated, power input is un-
derestimated, collaborating both of them in the overestimation of the
system performance.
On the other hand, it was observed that the overestimation of water
outlet temperature decreases with high ON/OFF time ratio. Thus, the
differences in the system performance calculationmainly reside in the
compressor power consumption prediction.
Because of that, it was improved the compressor model by taking into
account someheat losses. Theyare implemented in themodel bymeans
of a correlation obtained by comparing test data and theoretical power
consumption. Implementing the correlation, an improvement of the
results were obtained.
Those losses were assumed to be produced mainly by a heat trans-
fer from the compression chamber to the environment, increasing the
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power consumption for a givenactual compression. Nevertheless, other
assumptions, which are not included in the volumetric and isentropic
efϐiciencies declaredby themanufacturer, such as the oil fraction, could
be included in that difference between test data and theoretical power
consumption. However, this analysis is not included in the scope of
this document.
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Chapter 6
ENDING
During this chapter, a summary of the described work
along the thesis is presented, remarking themain conclu-
sions. Additionally, the scientiϔic production carried out
from the presented work and the future research lines
that can be afforded from this work are enumerated.
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6.1 Conclusions
HPs are one of the most promising technologies to reduce the use of
fossil fuels for heating and DHW production in buildings. Moreover,
the capability of reverse the working mode allows them to cover also
the refrigeration demand.
In this thesis it was developed a physics-based dynamicmodel to simu-
late the behavior of reversible liquid-to-liquid HPs. The model of each
component of the HP was separately developed and then they were
joined together. The model was implemented in Matlab/Simulink en-
vironment.
Since the dynamics of the HEXs are much more slower than the dy-
namics of components that regulates the refrigerantMFR, such as com-
pressor andvalves, thesewere staticallymodeled. It simplify themodel
and decrease considerably the computational time of the model.
HEXsmodelwas developed using the FCVmethod. With the developed
model of refrigerant-to-liquid PHEX, the behavior of PHEXs either if
they are working as condensers or as evaporators can be simulated.
Moreover, it allows the user to choose the conϐiguration of the PHEX
between parallel-ϐlow and counter-ϐlow. The used equations and their
implementations were presented.
Then, it was validated the model in micro-scale situations. Different
tests under various transient situationsweredeveloped. Obtainedmeas-
urements were used to validate the model under heating, cooling and
start-up situations. Simulation results presented good agreementwith
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test data.
After validating the model under different micro-scale transient situ-
ations, it was simulated a working mode switch. It was simulated the
behavior of the system starting in cooling mode, switching to heating
mode and going back to cooling mode. Since there were not available
experimental data of working mode switches, it was not possible to
compare the simulation results with tests data. However, the obtained
results could be a good approach to the actual behavior of the system
during a working mode switch.
Then, themodelwas used to simulate the behavior of a differentHPun-
dermacro-scale situations. It was ϐirstly validated under coolingwork-
ingmode and then a system energy performance study was conducted
in order to clarify the divergences between test data and simulation
results. It was concluded that, although the results were good, improv-
ing the compressor model more accurate results could be obtained.
Therefore, the compressor model was upgraded by including a heat
losses term in the compressor power consumption calculation equa-
tion to consider a non-adiabatic compression. This has reduce con-
siderably the differences between test data and simulation results in
macro-scale situations.
To sum up, it can be asserted the validity of the model to simulate re-
versible liquid-to-liquid HPs obtaining accurate results. It can be used
either to simulate micro- and macro-scales simulations under differ-
ent working modes and conϐigurations of PHEXs. Additionally, work-
ing mode switch simulations can be carried out.
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6.2 Scientiϐic production
Based on the developed work and the obtained results, it was possible
to carry out quality and original scientiϐic contributions during the de-
velopment of this thesis.
International journals publications
• ‘Flexible dynamic model of PHEX for transient simulations in Mat-
lab/Simulink using ϐinite control volume method’. Erik Salazar Her-
rán, KoldobikaMartinEscudero, LuisAlfonsodel PortilloValdes, Iván
Flores Abascal and Naiara Romero Anton. International Journal of
Refrigeration, vol. 110, p. 83-94, 2020.
• ‘Numerical model for liquid-to-liquid HPs implementing switching
mode’. Erik Salazar Herrán, Koldobika Martin Escudero, Andrew G.
Alleyne, Luis Alfonso del Portillo Valdes and Naiara Romero Anton.
Applied Thermal Engineering, vol. 160, ar. 114054, 2019.
• ‘Solar energy system for heating and domestic hot water supply by
means of a heat pump coupled to a photovoltaic ventilated façade’.
Koldobika Martin Escudero, Erik Salazar Herrán, AƵ lvaro Campos Ce-
lador, Gonzalo Diarce Belloso and Iñaki Gómez Arriaran. Solar En-
ergy, vol. 183 p. 453-462, 2019.
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International conferences publications
• ‘’Liquid toLiquidPlatesHeatExchangerphysics-baseddynamicmodel’.
Erik Salazar Herrán, Koldobika Martin Escudero, Luis Alfonso del
Portillo Valdes, Iván Flores Abascal and Naiara Romero Anton. XI
National y II International Engineering Thermodynamics Conference,
p. 839-851, 2019.
• ‘Analysis of anAir SourceHeat PumpWaterHeaterwith Photovoltaic
Ventilated Façade for different climatic zones’. Erik Salazar Herrán,
Koldobika Martin Escudero, Luis Alfonso del Portillo Valdes, AƵ lvaro
Campos Celador and Pello Larrinaga Alonso. 9th European Confer-
ence on Energy Efϔiciency and Sustainability in Architecture and Plan-
ning, p. 161–169, 2018.
• ‘Experimental study of thermal perofmance of awater-to-water heat
pump system’. Erik Salazar Herrán, KoldobikaMartin Escudero, Iván
Flores Abascal and Luis Alfonso del Portillo Valdes. X National y I
International Engineering Thermodynamics Conference, p. 370-371,
2017.
• ‘Residential Heat Pumps as Renewable Energy’. Erik Salazar Herrán,
Koldobika Martin Escudero, Luis Alfonso del Portillo Valdes, Iván
Flores Abascal and Ana Picallo Pérez. 8th European Conference on
Energy Efϔiciency and Sustainability in Architecture and Planning, p.
163–170, 2017.
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National conferences publications
• ‘Caracterización experimental de una bombade calor acoplada a una
fachada ventilada para producción de agua caliente’. Erik Salazar
Herrán, Koldobika Martin Escudero, Ignacio López Paniagua, AƵ lvaro
Ji-
ménez AƵ lvaro and Naiara Romero Anton. I Congreso Ingeniería En-
ergética, p. 362-374, 2018.
6.3 Future research lines
The present work offers the possibility of deepening in the research
lines followed in this thesis as well as using the presented material in
other research lines.
Reversible HPs: The use of reversible HPs is spreading. However,
thebehavior of the systemduringworkingmode switches is something
that must still be studied in more depth. This model allows simulating
thebehavior of the systemduring aworkingmode switches. Therefore,
it can be used in the improvement and development of new reversible
systems.
Morecomponentsmodels: In this thesis, refrigerant-to-liquidPHEX,
EEV and compressor models have been developed. Residing the main
contribution in the PHEX model. However, in HP facilities there are
used many other components such as refrigerant-to-air HEX, thermal
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tanks, accumulators, thermostatic valves, long path pipes or internal
HEX. The development of those models would allow the user to sim-
ulate more complex and actual HP facilities. Moreover, nowadays is
growing the relevanceof phase changematerials, which couldbemodeled
to include them in the simulated facilities.
Compressor model correction: In Section 5.6 it was taken into ac-
count the heat losses given during the compression process. A correl-
ation was taken by comparing the power consumption measurements
against the needed power input for an adiabatic compression. How-
ever, it could be more deeply studied trying to obtain a physical de-
scription of the heat losses. It would contribute to increase the versat-
ility of the model for using it with different systems, compressor types
and working conditions.
Model optimization: It would be positive to optimize the model in
order to decrease the computational time and enhance it’s versatil-
ity. ”S-functions” block is a useful tool but increase considerably the
computational weight of the model. Therefore, remove ’S-function’ or
at least reduce the calculations made inside them would decrease the
weight of the model.
Control system: Control loops is one of themost important things in
the actual HPs. Integrating control loops in the model would allow the
user to improve existing control strategies or to design new ones.
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New refrigerant ϐluids: Refrigerant policies are increasingly strin-
gent with the use of refrigerants with low levels of greenhouse and
ozone layer deployment emissions. Therefore, researches are being
conducted on the development of new refrigerants or the use of nat-
ural ones. This research line can be assisted with simulation models
such as the one presented in this thesis.
Hybrid systems facilities: Hybrid electro-thermal residential facil-
ities are increasingly popular worldwide. The research on the per-
formance and coupling of those systems could be beneϐited from this
kind of simulation models.
Buildings thermaldemandsupply: Themodel couldbe transformed
in order to switch on/off depending on the thermal demand of a build-
ing. There exist different software that calculate the thermal demand
of buildings. Thus, using the calculated thermal demand as an input to
the model, it would be capable to switch on/off the system and obtain
daily, monthly or yearly performance parameters for a studied build-
ing.
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ANNEX I
Model interfaceandsub-systems
In this annex, the subsystems of the blocks presented
in Section 3.4 are shown. Both indoor and outdoor
units use the same subsystem changing only the ”S-
function”.
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Compressor block
Compressor subsystem.
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EEV block
EEV subsystem.
PHEX block
PHEX subsystem.
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Refrigerant properties subsystem.
Secondary ϔluid properties subsystem.
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ANNEX II
PHEX ”S-function” code
In this annex, the S-funtion used to simulate the heat
transfer and the properties variation inside a PHEX is
presented. Equations presented in the Chapter 3 are
implemented.
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Indoor unit PHEX ”S-funtion”
The ”S-function” used to simulate the indoor unit PHEX is presented.
Theonlydifferencebetween the indoorunit andoutdoorunit ”S-funtion”-
s is that the behavior of the PHEX is inverted in the system working
modes.
Therefore, during the heating mode, the indoor unit works as a con-
denser and the outdoor unit as an evaporator. In the cooling mode,
the indoor unit works as an evaporator and the outdoor unit as a con-
denser.
The only change that must to be made to use this function in the out-
door unit is to replace ”mode == 1” with ”mode == 0” in line 160 of the
code.
1 funct ion Sfun_PlateHEX_IndoorUnit ( block )
2
3 setup ( block ) ;
4 end
5
6 %%%%%%%%%%% DESCRIPTION %%%%%%%%%%%%%%%%%%%%%%%%%%%%%
7 % This S - funt ion implements the matrix equation that ...
c a l c u l a t e s the time
8 % der i va t i v e s o f the r e f r i g e r a n t pressure , temperature ...
and
9 % enthalpy ; secondary f l u i d temperature ; and p late ...
temperature in an indoor
10 % unit PHEX by applying the FCV method.
11 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
12
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13 funct ion setup ( block )
14
15 % Regis ter parameters
16 block.NumDialogPrms = 1 ;
17
18 % Regis ter number o f ports
19 block.NumInputPorts = 5 ;
20 block.NumOutputPorts = 6 ;
21 block.NumContStates = 0 ;
22
23 % Setup port p rope r t i e s
24 block.SetPreCompInpPortInfoToDynamic ;
25 block.SetPreCompOutPortInfoToDynamic ;
26
27 N = block.DialogPrm (1) .Data ; % number o f volumes
28
29 block. InputPort (1) .Dimensions = 6 ;
30 block. InputPort (2) .Dimensions = 4*N+8;
31 block. InputPort (3) .Dimensions = 4*N;
32 block. InputPort (4) .Dimensions = 4*N+1;
33 block. InputPort (5) .Dimensions = 13;
34
35 block. InputPort (1) .SamplingMode = 'Sample ' ;
36 block. InputPort (2) .SamplingMode = 'Sample ' ;
37 block. InputPort (3) .SamplingMode = 'Sample ' ;
38 block. InputPort (4) .SamplingMode = 'Sample ' ;
39 block. InputPort (5) .SamplingMode = 'Sample ' ;
40
41 block.OutputPort (1) .Dimensions = 4*N+1;
42 block.OutputPort (2) .Dimensions = 1 ;
43 block.OutputPort (3) .Dimensions = 1 ;
44 block.OutputPort (4) .Dimensions = 1 ;
45 block.OutputPort (5) .Dimensions = 2*N;
46 block.OutputPort (6) .Dimensions = N;
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47
48 block.OutputPort (1) .SamplingMode = 'Sample ' ;
49 block.OutputPort (2) .SamplingMode = 'Sample ' ;
50 block.OutputPort (3) .SamplingMode = 'Sample ' ;
51 block.OutputPort (4) .SamplingMode = 'Sample ' ;
52 block.OutputPort (5) .SamplingMode = 'Sample ' ;
53 block.OutputPort (6) .SamplingMode = 'Sample ' ;
54
55 block.SampleTimes = [0 0 ] ;
56 block.SimStateCompliance = ' DefaultSimState ' ;
57
58 block.RegBlockMethod ( 'Outputs ' , @Outputs ) ;
59
60 end
61
62 funct ion Outputs ( block )
63
64 %% PARAMETERS
65 Ac = block.InputPort (5) .Data (1) ; % ...
Cross - s e c t i o na l area
66 As = block.InputPort (5) .Data (2) ; % Contact ...
area
67 Vol = block. InputPort (5) .Data (3) ; % Total ...
volume
68 Dh = block.InputPort (5) .Data (4) ; % Hydraulic ...
diameter
69 N_ref = block. InputPort (5) .Data (5) ; % Number o f ...
r e f r i g e r a n t channels
70 N_sec = block.InputPort (5) .Data (6) ; % Numer o f ...
secondary channels
71 mass_wall = block. InputPort (5) .Data (7) ; % Plates mass
72 cp_wall = block. InputPort (5) .Data (8) ; % Plates ...
s p e c i f i c heat
73 K = block.InputPort (5) .Data (9) ; % Number o f ...
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FCV
74 CF_ref = block. InputPort (5) .Data (10) ; % Ref . ...
c o r r e c r i on f a c t o r
75 CF_sec = block. InputPort (5) .Data (11) ; % Sec . ...
c o r r e c t i on f a c t o r
76 beta = block. InputPort (5) .Data (12) ; % Chevron ...
angle
77 ports = block. InputPort (5) .Data (13) ; % 1 = ...
counter - f low // -1 = pa ra l l e l - f low
78
79 %% INPUTS
80 mdot_sec = block. InputPort (1) .Data (1) /N_sec ;
81 T_sec_in = block.InputPort (1) .Data (2) ;
82 mdot_ref_in = block. InputPort (1) .Data (3) /N_ref ;
83 mdot_ref_out = block. InputPort (1) .Data (4) /N_ref ;
84 h_in = block.InputPort (1) .Data (5) ;
85 mode = block.InputPort (1) .Data (6) ; % 1 = ...
heat ing ( condenser ) // 0 = coo l ing ( evaporator )
86
87 %% CONTINUOUS STATE CALLBACKS
88 P_ref = block. InputPort (4) .Data (1) ;
89 h_ref = block. InputPort (4) .Data ( 2 :K+1) ;
90 Tw = block.InputPort (4) .Data (K+2:2*K+1) ;
91 mdot_ref = block. InputPort (4) .Data (2*K+2:3*K+1) ;
92 T_sec = block. InputPort (4) .Data (3*K+2:4*K+1) ;
93
94 %% REFRIGERANT PROPERTIES
95 rho_ref = block. InputPort (2) .Data ( 1 :K) ;
96 d_rho_P = block.InputPort (2) .Data (1*K+1:2*K) ;
97 d_rho_h = block.InputPort (2) .Data (2*K+1:3*K) ;
98 T_ref = block. InputPort (2) .Data (3*K+1:4*K) ;
99 mu_liq = block. InputPort (2) .Data (4*K+1) ;
100 k_liq = block. InputPort (2) .Data (4*K+2) ;
101 Cp_liq = block. InputPort (2) .Data (4*K+3) ;
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102 rho_gas = block. InputPort (2) .Data (4*K+4) ;
103 rho_liq = block. InputPort (2) .Data (4*K+5) ;
104 h_gas = block. InputPort (2) .Data (4*K+6) ;
105 h_liq = block. InputPort (2) .Data (4*K+7) ;
106 mu_gas = block. InputPort (2) .Data (4*K+8) ;
107
108 %% SECONDARY FLUID PROPERTIES
109 cp_sec = block. InputPort (3) .Data ( 1 :K) ;
110 rho_sec = block. InputPort (3) .Data (1*K+1:2*K) ;
111 mu_sec = block. InputPort (3) .Data (2*K+1:3*K) ;
112 k_sec = block. InputPort (3) .Data (3*K+1:4*K) ;
113
114 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
115 %% CALCULATES FLUIDS CURRENT PROPERTIES %%
116 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
117
118 % Calculate r e f r i g e r a n t entha lp i e s at volume bounds
119 i f ports == -1 % Para l l e l - f low
120 h_bound = [ h_in ; ( h_ref ( 1 :K-1 )+h_ref ( 2 :K) ) /2 ; . . .
121 ( h_ref (K)+(h_ref (K) - h_ref (K-1 ) ) /2) ] ;
122 e l s e
123 h_bound = [ ( h_ref (1)+(h_ref (1) - h_ref (2) ) /2) ; . . .
124 ( h_ref ( 1 :K-1 )+h_ref ( 2 :K) ) /2 ; h_in ] ;
125 end
126
127 % Calculate r e f r i g e r a n t out l e t temperatures
128 i f ports == -1 % Para l l e l - f low
129 T_ref_out = T_ref (K)+(T_ref (K) -T_ref (K-1 ) ) /2 ;
130 h_ref_out = h_bound (end) ;
131 e l s e
132 T_ref_out = T_ref (1)+(T_ref (1) -T_ref (2) ) /2 ;
133 h_ref_out = h_bound(1) ;
134 end
135
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136 % Calculate r e f r i g e r a n t qua l i ty
137 h_fg = (h_gas - h_liq ) ;
138 qua l i ty = ( h_ref - h_liq ) /h_fg ;
139 qua l i ty ( qual i ty <0) = 0 ;
140 qua l i ty ( qual i ty >1) = 1 ;
141
142 % Calculate secondary temperatures at volume bounds
143 T_sec_bound = [ T_sec_in ; ( T_sec ( 1 :K-1 )+T_sec ( 2 :K) ) /2 ; . . .
144 (T_sec(K)+((T_sec(K) -T_sec(K-1 ) ) /2) ) ] ;
145
146 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
147 %% CALCULATE REFRIGERANT HTC %%
148 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
149
150 p_co = (21 .01 *beta^2 - 19 .022 *beta + 8 .98 ) /1000;
151
152 G_ref = abs (mdot_ref ) /Ac ;
153 G_Eq = G_ref . * ( (1 - qua l i ty ) + qua l i ty ...
*( ( rho_liq /rho_gas )^0 .5 ) ) ;
154 Re_Eq = G_Eq * Dh / mu_liq ;
155 Re_liq = G_ref * Dh / mu_liq ;
156 Re_gas = G_ref * Dh / mu_gas ;
157 Pr = Cp_liq * mu_liq /k_liq ;
158
159 alpha_ref = zeros (K, 1 ) ;
160 i f mode == 1 % Condenser
161 C_1 = 11 .22 * (p_co/Dh) ^ -2 .83 * ( pi /2 - beta ) ^ -4 .5 ;
162 C_2 = 0 .35 * (p_co/Dh)^0 .23 * ( pi /2 - beta )^1 .48 ;
163
164 alpha_2p = ( k_liq/Dh) * (C_1 * Re_Eq.^C_2 * ...
Pr^0 .3 ) ;
165 alpha_gas = 0 .023 * ( k_liq/Dh) * Re_gas.^0 .8 * ...
Pr^0 .3 ;
166 alpha_liq = 0 .023 * ( k_liq/Dh) * Re_liq. ^0 .8 * ...
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Pr^0 .3 ;
167
168 f o r n = 1 :K
169 i f qua l i ty (n) == 1
170 alpha_ref (n) = CF_ref * alpha_gas (n) ;
171 e l s e i f qua l i ty (n) == 0
172 alpha_ref (n) = CF_ref * alpha_liq (n) ;
173 e l s e
174 alpha_ref (n) = CF_ref * alpha_2p (n) ;
175 end
176 end
177 end
178 e l s e % Evaporator
179 q = abs (mdot_ref ) . * (h_gas - h_ref ) . / (As/K) ;
180 Bo_Eq = abs (q) . / G_Eq . / h_fg ;
181
182 C_1 = 2 .81 * (p_co/Dh) ^ -0 .041 * ( pi /2 - beta ) ^ -2 .83 ;
183 C_2 = 0 .746 * (p_co/Dh) ^ -0 .082 * ( pi /2 - beta )^0 .61 ;
184
185 alpha_2p = ( k_liq/Dh) * (C_1 * Re_Eq.^C_2 . * ...
Pr^0 .4 . * Bo_Eq.^0 .3 ) ;
186 alpha_1p = 0 .023 * ( k_liq/Dh) * Re_gas.^0 .8 * ...
Pr^0 .4 ;
187
188 alpha_ref = zeros (K, 1 ) ;
189 f o r n = 1 :K
190 i f qua l i ty (n) == 1
191 alpha_ref (n) = CF_ref * alpha_1p (n) ;
192 e l s e
193 alpha_ref (n) = CF_ref * alpha_2p (n) ;
194 end
195 end
196 end
197
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198 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
199 %% CALCULATE SECONDARY FLUID HTC %%
200 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
201
202 mass_sec = mean( rho_sec ) *(Vol/K) ;
203
204 G_sec = mdot_sec / Ac ;
205 Re_sec = G_sec * Dh . / mu_sec ;
206 Pr_sec = mu_sec . * cp_sec . / k_sec ;
207
208 alpha_ref = zeros (K, 1 ) ;
209 i f mode == 1 % Condenser
210 alpha_sec = CF_sec * ( k_sec/Dh) * 0 .023 . * ...
Re_sec.^0 .8 . * Pr_sec.^0 .4 ;
211 e l s e
212 alpha_sec = CF_sec * ( k_sec/Dh) * 0 .023 . * ...
Re_sec.^0 .8 . * Pr_sec.^0 .3 ;
213 end
214
215 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
216 %% CALCULATE SECONDARY FLUID DERIVATIVES %%
217 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
218
219 Q_sec = alpha_sec * (As/K) . * (Tw - T_sec) ;
220
221 T_sec_dot = (mdot_sec* cp_sec. *(T_sec_bound(1 :end -1) - . . .
222 T_sec_bound(2 :end ) ) + (2*Q_sec) ) / . . .
223 (mean( cp_sec ) *mass_sec ) ;
224
225 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
226 %% CALCULATE REFRIGERANT DERIVATIVES %%
227 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
228
229 Q_ref = alpha_ref . *(As/K) . *(T_ref -Tw) ;
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230
231 % Matrixes
232 Z = zeros (2*K,2*K) ;
233 s = zeros (2*K, 1 ) ;
234
235 % P_dot
236 Z(1 :K, 1 ) = (( d_rho_P.*h_ref ) -1) *Vol/K;
237 Z(K+1:K*2 ,1) = d_rho_P.*Vol/K;
238
239 % h_dot
240 Z(1 :K, 2 :K+1) = ...
diag ( ( ( d_rho_h.*h_ref )+rho_ref ) *Vol/K) ;
241 Z(K+1:K*2 ,2 :K+1) = diag (d_rho_h.*Vol/K) ;
242
243 % m_dot
244 h_diag = ...
diag (h_bound(2 :end ) )+diag ( -h_bound(2 :end -1) , -1) ;
245 m_diag = diag ( ones (K, 1 ) )+diag ( - ones (K-1 ,1 ) , -1) ;
246
247 i f ports == -1 % Para l l e l - f low
248 Z(1 :K,K+2:end ) = h_diag ( : , 1 :end -1) ;
249 Z(K+1:end ,K+2:end ) = m_diag ( : , 1 :end -1) ;
250 e l s e
251 Z(1 :K,K+2:end ) = -h_diag ( : , 1 :end -1) ;
252 Z(K+1:end ,K+2:end ) = -m_diag ( : , 1 :end -1) ;
253 end
254
255 % Solut ion
256 i f ports == -1 % Para l l e l - f low
257 s (1) = (mdot_ref_in*h_in ) -(Q_ref (1) *2) ;
258 s (K) = -(mdot_ref_out*h_bound (end) ) -(Q_ref (K) *2) ;
259 s (K+1) = mdot_ref_in ;
260 s (2*K) = -mdot_ref_out ;
261 e l s e
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262 s (1) = -(mdot_ref_out*h_bound(1) ) -(Q_ref (1) *2) ;
263 s (K) = (mdot_ref_in*h_in ) -(Q_ref (K) *2) ;
264 s (K+1) = -mdot_ref_out ;
265 s (2*K) = mdot_ref_in ;
266 end
267
268 s ( 2 :K-1 ) = -(Q_ref ( 2 :K-1 ) *2) ;
269
270
271 % Solve
272 x_dot = Z\s ;
273 P_dot = x_dot (1) ;
274 h_dot = x_dot ( 2 :K+1) ;
275 mdot = ( [ mdot_ref_in ; x_dot (K+2:2*K) ]+ . . .
276 [ x_dot (K+2:2*K) ; mdot_ref_out ] ) /2 ;
277 mdot_new = (mdot -mdot_ref ) ;
278
279 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
280 %% CALCULATE PLATE DERIVATIVES %%
281 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
282
283 Tw_dot = ((Q_ref ) -(Q_sec) ) /( cp_wall*mass_wall/K) ;
284
285 %%%%%%%%%%%%%
286 %% OUTPUT %%
287 %%%%%%%%%%%%%
288
289 % Der ivat ives vector
290 block.OutputPort (1) .Data (1 :4*K+1) = [P_dot ; h_dot ; ...
Tw_dot ; mdot_new ; T_sec_dot ] ;
291
292 % Secondary f l u i d out l e t temperature
293 block.OutputPort (2) .Data = T_sec_bound(K) ;
294
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295 % Refr igerant out l e t temperature
296 block.OutputPort (3) .Data = T_ref_out ;
297
298 % Refr igerant out l e t enthalpy
299 block.OutputPort (4) .Data = h_ref_out ;
300
301 % Refr igerant HTC
302 block.OutputPort (5) .Data = [ alpha_ref ; alpha_sec ] ;
303
304 % Refr igerant qua l i ty
305 block.OutputPort (6) .Data = qua l i ty ;
306
307 end
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Micro-scale validations
In this annex, the remaining comparisons between ex-
perimental data and simulation results inmicro-scale
that have not been presented in Chapter 4 are presen-
ted. It is included the comparison of high and low
working pressures and the water outlet temperature
of both indoor and outdoor PHEXs.
247
ENEDI Research Group
All tests that were carried out and their conditions are summarized in
Table 4.9. Similarly, different transient-states forced in each test situ-
ation are described in 4.10.
Initially, it was thought that the model could need some different cor-
rections for different operation conditions. Thus, in total, 14 test with
8 situations each are carried out. However, after start comparing test
data with simulation results it was observed that, having enough in-
formation from the manufacturers, the model was able to simulate the
behavior of the systemunder differentworking conditionswithout the
need of any kind of corrections. Therefore, not all the tests where ϐi-
nally used.
Representative results were presented in Section 4.6. Here, the rest of
the simulated test results are presented.
On the other hand, there are situations in which the forced change in
the operation conditions affects the refrigerant ϐluid circuit but that
barely has inϐluence in secondary ϐluids (i.e. situations 5 and6). There-
fore, could be that in the presented ϐigures it seems as an stationary
situations.
For anyone interested in seeingmore test or simulation results, contact
the thesis author.
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Test A-C1
Situation 1
Refrigerant pressures.
Water and brine temperatures.
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Situation 2
Refrigerant pressures.
Water and brine temperatures.
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Situation 3
Refrigerant pressures.
Water and brine temperatures.
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Situation 4
Refrigerant pressures.
Water and brine temperatures.
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Situation 5
Refrigerant pressures.
Water and brine temperatures.
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Situation 6
Refrigerant pressures.
Water and brine temperatures.
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Situation 7
Refrigerant pressures.
Water and brine temperatures.
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Situation 8
Refrigerant pressures.
Water and brine temperatures.
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Test A-C2
Situation 3
Refrigerant pressures.
Water and brine temperatures.
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Situation 4
Refrigerant pressures.
Water and brine temperatures.
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Situation 5
Refrigerant pressures.
Water and brine temperatures.
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Situation 6
Refrigerant pressures.
Water and brine temperatures.
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Situation 7
Refrigerant pressures.
Water and brine temperatures.
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Situation 8
Refrigerant pressures.
Water and brine temperatures.
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Test C-C1
Situation 2
Refrigerant pressures.
Water and brine temperatures.
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Situation 3
Refrigerant pressures.
Water and brine temperatures.
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Situation 4
Refrigerant pressures.
Water and brine temperatures.
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Test E-E1
Situation 4
Refrigerant pressures.
Water and brine temperatures.
266 ANNEX III
University of the Basque Country
Test E-E2
Situation 3
Refrigerant pressures.
Water and brine temperatures.
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Test G-C1
Situation 1
Refrigerant pressures.
Water and brine temperatures.
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Test G-C2
Situation 4
Refrigerant pressures.
Water and brine temperatures.
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Test H-E1
Situation 4
Refrigerant pressures.
Water and brine temperatures.
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ANNEX IV
Macro-scale validations
In this annex, the remaining comparisons between
experimental data and simulation results in macro-
scale that have not been shown in Chapter 5 are
presented. It is included the comparison of the water
outlet temperature of both indoor andoutdoor PHEXs
and the compressor power consumption.
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Test T10
T10 test data and simulation results of water temperatures in the outdoor unit (con-
denser).
T10 test data and simulation results of water temperatures in the indoor unit (evapor-
ator).
T10 test data and simulation results of compressor power consumption.
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Test T15
T15 test data and simulation results of water temperatures in the outdoor unit (con-
denser).
T15 test data and simulation results of water temperatures in the indoor unit (evapor-
ator).
T15 test data and simulation results of compressor power consumption.
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Test T30
T30 test data and simulation results of water temperatures in the outdoor unit (con-
denser).
T30 test data and simulation results of water temperatures in the indoor unit (evapor-
ator).
T30 test data and simulation results of compressor power consumption.
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Test T40
T40 test data and simulation results of water temperatures in the outdoor unit (con-
denser).
T40 test data and simulation results of water temperatures in the indoor unit (evapor-
ator).
T40 test data and simulation results of compressor power consumption.
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Test T50
T50 test data and simulation results of water temperatures in the outdoor unit (con-
denser).
T50 test data and simulation results of water temperatures in the indoor unit (evapor-
ator).
T50 test data and simulation results of compressor power consumption.
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Test T70
T70 test data and simulation results of water temperatures in the outdoor unit (con-
denser).
T70 test data and simulation results of water temperatures in the indoor unit (evapor-
ator).
T70 test data and simulation results of compressor power consumption.
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Test T90
T90 test data and simulation results of water temperatures in the outdoor unit (con-
denser).
T90 test data and simulation results of water temperatures in the indoor unit (evapor-
ator).
T90 test data and simulation results of compressor power consumption.
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